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ON THE MULTI-ELECTRON THEORY OF SEMICONDUCTORS. 
111. ANTIFERROMAGNET IC SEMICONDUCTORS * 


Iu.P. IRKHIN 
Institute of the Physics of Metals of the 
Academy of Sciences of the U.S.S.R. 


(Received 6 March 1957) 


The simplest model of an intrinsic semiconductor is studied, taking into 
account the interactions between the electrons [1,2]. The energy spectrum 
of the elementary excitations responsible for the electric properties is 
calculated which proves it depends on the state of the sub-system of the 
inner electrons. The latter circumstance leads to the possibility of 
anomalies appearing in the electric resistance of the semiconductors near 
the Neel temperature; in particular, when the temperature is lowered the 
semiconductor may go over into a degenerate state. The case of an impurity 
semiconductor is also briefly discussed. Avajlable experimental data is 


compared with the proposed theory. 


1. The effect of antiferromagnetic order- 
ing on the electric conductivity has been 
studied in papers [3,4] for the case of 
metals. In the present paper the same effect 
is studied in semiconductors in the framework 
of the s-d exchange model for atomic semi- 
conductors of intrinsic conductivity (similar- 
ly as in paper [2] where the case of ferro- 
magnetic semiconductors was investigated). As 
in [2] we adopt the simplest model enabling 
us at least qualitatively to reflect the 
electric and magnetic properties in an anti- 
ferromagnetic semiconductor; i.e. we shall 
assume that in the unexcited state there are 
for each node of the lattice two outer 
s electrons forming a closed shell and one 
inner d electron, and that there exists an 
antiferromagnetic ordering of the d electron 
spins so that the crystal as a whole can be 
described as two magnetic sub-lattices which 
we shall in future designate by the letters 
f and g. At a temperature 7 0 excitations 
of various types will appear in the sub- 
system of the s electrons connected with their 
transition into the next p state as well as 
violations of the antiferromagnetic order in 
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the sub-system of the d electrons. The 
Hamilton function of our problem can in this 
case be written in the form 


H =H? + +H? + (1) 


where, in contrast to paper [2] each of the 
members can be broken down into three parts 
corresponding to the existence of the two 
sub-lattices f and g. 


H4 etc. (2) 


Analogous to [2] one could now fully 
examine the case of low temperatures T<<Ty 
(Ty being the Néel temperature) by intro- 
ducing the operators for antiferromagnons in 
the usual way. Then one could calculate the 
additional electric resistance conditioned by 
the scattering of the current carriers on 
these antiferromagnons and for the case of 
the Bose excitons responsible for the optical 
properties of the system study the effect of 
magnetization on the spectrum by diagonaliz- 
ing the corresponding quadratic form. These 
calculations are, however, not made here, 
since it is clear in advance that for the 
temperature dependence of one or another 
effect which interests us here one can in 
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this case only obtain small corrections. This 
follows directly from the weak temperature 
dependence of the susceptibility of anti- 
ferromagnetics at low temperatures. 


2. Of much greater interest is the case of 
temperatures TwTy when the rapid disappear- 
ance of the antiferromagnetic order may have 
a noticeable effect also on the behaviour of 
the system of outer electrons. In the present 
paper we limit ourselves to the consideration 
of the branch of the current excitons assum- 
ing, as always,as fulfilled the conditions 
for the possibility of ignoring the inter- 
actions between then. 


For d electrons we use, as in papers [2,4], 
an approximation to the energetic centre of 
gravity by introducing into the study the 
relative magnetizations of the sub-lattices 
u,(T) and #,(T). It is evident that in the 
absence of an external magnetic field and for 
equivalent sub-lattices the equilibrium value 
= = p(T). The Hamilton function 


(1) then takes the form 


H = H° + (up?) + 

n, n’ = f, A’ 

where A = 0.1 is the quantum numbers s and p; 
o = 7+ 1/2 is the projection of the spin of 
the electron; D,(n,A; n’, A’; w) is a certain 
combination of various integrals; only the 
following relations are important for us: 


D,(f,4; f,% p) —D. (8,25 8.43 = 
=o [— 2) +20 —2 


D; (7, h; i, h; + D, (g, A; g, p) = 2P (A), (4) 


where jd is the exchange integral between 
the outer electron in state A and the d 
electron in one and the same atom, J 4h) 
correspondingly for the atoms of the nearest 
neighbours, yan’) for the next nearest 
neighbours and so on, and P(A) a certain com- 
bination of integrals which does not depend 
on op. 


In expression (3) there are clearly dis- 
tinguished two basic features of our model of 


an antiferromagnetic semiconductor: firstly, 
the coefficients D, depend on the magnetiza- 
tion of the sub-lattices yp and secondly, 
there exist two types of nodes the diagonal 
parts of the energy of the quasi-particles of 
which are different, in accordance with (4). 
Both these features are precisely the looked 
for expression of the effect of the state of 
the sub-system of inner electrons on the 
energy spectrum of the current carriers. 


The next problem is the diagonalization of 
(3) which is carried out in accordance with 
the usual scheme: (1) introduction of the 
hole operator which makes it possible to 
separate the energy of the basic state; (2) 
transition to the Fourier coefficients for 
second quantization operators and (3) diagonal- 
ization of the bilinear form so obtained. We 
note here that the latter stage may be 
effected by the method of Bogoliubov-Tiablikov 
[5] also in our case of the Fermi statistics 
of the second quantization operators; one must 
only bear in mind the slightly different 
symmetry properties of the coefficients of 
the bilinear form compared with the Bose case, 


As a result of these operations we obtain 
the following equation for the determination 
of the energy spectrum of our system: 


0 
0 


The quantities D.. and D’ introduced here are 
directly cunnected with the coefficients 
Dy(n, A; n’, A’; pw) in (3), i.e. in the 
approximation of near neighbours we have: 


Di, =—D, (f, 0; hs 0; 1), 
Deg = — D, (g, 9; g,0; 


=D; (f, 1; p), Dy = Do (8,15 15 p), 


Du = oe", He”, 
(h) (nh) 


(h) (6) 


2 
19! 
+E Dy 0 D’ 
Dy +E D’ 0 
Dy—E 


where* 


D(h, 0) =D(f 0) = D(f, 0; 8, 0), 
D(h, 01) 01) =D(f, 0; 8,1). (7) 


In (6) summation with respect of h is done for 
near neighbours; k is the wave vector. 


In the developed form equation (5) is an 
equation of the fourth degree the solution of 
which in the general form is very complex for 
study. We therefore limit ourselves to the 
solution of a simpler problem, assuming the 
quantities D’ to be small and ignoring them. 
The possibility for this approximation follows 
from the fact that D’ are matrix elements 
linking the s and p states the wave functions 
of which may be assumed to overlap only a 
little. Besides, as has been shown in paper 
[1] taking into account the members corres- 
ponding to appearance and disappearance does 
not alter the result qualitatively, at all 
events in the case of small k in which we will 
in future be interested primarily. 


For D’ = 0 equation (5) breaks down into 
two independent quadratic equations one of 
which determines the energy spectrum of the 
holes, the other the spectrum of the conduct- 
ivity electrons. Let us consider only the 
case of the conductivity electrons, since the 
equation for the holes is completely 
analogous. 


Inserting the expressions from (6) in our 
equation and taking account of the relation 
(4) we obtain the following energy spectrum 
for the conductivity electrons: 
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(A 


where 


The energy spectrum (8) fully coincides 
with the corresponding expression obtained in 
paper [4] for a metal, which is the conse- 


* The quantity D which connects the different 
sublattices does not depend on op, — 


quence of neglecting the members for the 
appearance and disappearance of the element- 
ary excitations. 


3. On the basis of (8) we can now calculate 
the electric conductivity of our antiferro- 
magnetic semiconductor in the region of 
temperatures close to the Neel temperature. 
Assuming that at these temperatures only the 
bottom of the conductivity band is filled we 
may consider only the lower of the two bands 
of the energy spectrum and make use besides 
of an approximation for the effective mass: 
Assuming as a concrete case a volume centered 
cubic lattice we get from (8) 


E (6) = +a (y) (10) 


where 


= P(1)— — 464 /D(h, 1)2(11) 


and 


8|Dth, 1)? 
a = 


Making further calculations we obtain an 
expression for the resistance 


Inp =A (y) -- 


where A(z) is the pre-exponential part of the 
resistance which depends weakly on the 
temperature. Assuming that the relative 
magnetization of the sub-lattices pu(7) near 
Ty changes in the same way as the magnetiza- 
tion of the ferromagnetic 


(T) ~ (t= (13) 


we obtain directly from (12) the following 
result: Near the Neel temperature both the 
activization energy and the mobility of the 
current carrier should change rapidly. If we 
neglect the effect of the pre-exponential 
factor A(z) which depends weakly on the 
temperature, this effect will look more or 


less like a smooth discontinuity of In p in 
the function 1/T at the Neel point. The 
direction of the discontinuity should always 
be the same, i.e. the inclination of the 
straight line ln p (corresponding to the 
activation energy) should in the antiferro- 
magnetic state always be less than in the 
paramagnetic state. The size of the effect is 
determined by the relation between | 1??|, on 
the one hand, and P(1) and D(h, 1) on the’ 
other. In particular, with weak p-d exchange 
interaction, when | << | D(h, 1)|, the 
effect may prove to be practically impossible 
to observe. * 


Of very great interest is the case when 
| 124 \~ P(1). This condition can in fact only 
be obtained in semiconductors with low 
activation energy since the admissible value 
of | 1?¢| can probably not be yery high. 
Assuming also that 1/2p| >> 16 | D(A, 1)|, 
we obtain in place of (12)* 


(14) 


Inp =A (x) 


128 |D (h, 1)\2 


= P(1) — 


From this it can be seen that in the tran- 
sition from the paramagnetic to the ferro- 
magnetic state the activation energy may be- 
come so small (formally even a change in the 
sign of the second member in (14) is possible) 
that the semiconductor proves to be in a 
degenerate state [6]. This, in turn, leads to 
the possibility of a metallic character of 
the resistance appearing below the Néel point. 
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* It is interesting to compare (12) with the 
cerresponding result obtained in [2] for a 
ferromagnetic semiconductor. The sign of 
the discontinuity is the same there, it 
will, however, only be of noticeable 
magnitude in a ferromagnetic if | 14 |~wer.. 


** As can easily be seen, this condition is 
not obligatory and we have chosen it only 
to obtain graphic results. 


One must, of course, remember that under 

these conditions the original assumption of 
the whole calculation (the assumption of a 
small number of elementary excitations) no 
longer holds. Not being interested in the 
detailed course of the electric resistance, 
however, and assuming that the qualitative 
nature of our results is preserved for this 
case as well, we may expect a change of sign 
of the temperature coefficient of the 

electric resistance near the Néel point for 
antiferromagnetic semiconductors with low 
activation energy. If one joins this result 
with that of paper [3] for the case of anti- 
ferromagnetic metals, one may draw the follow- 
ing somewhat paradoxical conclusion: the 
appearance of antiferromagnetic order may lead 
to the occurrence of semiconductor conduct- 
ivity in metals and metallic conductivity in 
semiconductors. 


4. In intrinsic antiferromagnetic semi- 
conductors impurity conductivity plays a 
certain role in a wide temperature interval. 
The scheme proposed above can easily be used 
also for this, practically, much more 
interesting case. 


Let us, in order to be specific, consider 
the model of a monovalent impurity semi- 
conductor, assuming that in M << NW nodes of 
our crystal lattice there exist local levels 
of the donor type on each of which the 
electron may be in two states corresponding 
to two spin projections + 1/2 and — 1/2. Be- 
cause of the equivalence of the sub-lattices 
the number of impurity levels in each of them 
will be the same and equal to M/2. Above the 
Neel temperature the local states with diffe- 
rent spin projections will be degenerate, as 
a consequence of which there will be a 
chaotic distribution of electrons with right 
and left spin over the local levels. The re- 
moval of the degeneracy below the Néel point 
will cause a state to be energetically 
advantageous where electrons with right spin 
are predominantly found at the local levels 
in the nodes of one of the sub-lattices and 
electrons with left spin in the nodes of the 
other. 


Completely analogous to the preceding case 
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and with the same approximations it is easy 

to obtain the spectrum of the elementary 
excitations conditioned by the impurity levels. 
It has the form 


where P(l) is the part of the energy which 
does not depend on the magnetization of the 
electron at the local -level 1; yid__ yld, 
>> s'4¢ny is the exchange energy of the 


iBerity electron in the approximation of 
nearest neighbours and (< < 1) a 
certain function characterizing the distribu- 
tion over the local levels of electrons with 
+ 1/2 and - 1/2 spin projections which, for 
example in the case of the equilibrium state 
of the system at low temperatures kt << 

u| 14], has the form of the Boltzmann 
function d(T) = exp(- | / kT). We note, 
however, that ¢(T) depends in fact on the 
prehistory of the sample, since, for example, 
in an unannealed sample ¢ may strongly 
deviate from the equilibrium value, tending 
to 1. 


It follows from (15) that the activation 
energy for impurity current carriers has a 
more complex form than in the case of 
intrinsic conductivity. Since at 4% 1P4 
16| D(h, 1)| we obtain* 


Fo — 


1 d ld. 1—(T) 

al 
Indeed, it now proves possible that the 
activation energy may either decrease or in- 


We assume that qld < 0 since we believe 
the distribution of the right impurity 
electrons on the right sub-lattice and of 
the left electrons on the left-sub-lattice 
to be energetically advantageous. In the 
reverse case one obtains, of course, 
exactly the same result. 


crease on transition to the antiferromagnetic 
state. Physically, this is easy to understand, 
bearing in mind that besides the lowering of 
the bottom of the conductivity band in the 
antiferromagnetic state, in the impurity semi- 
conductor there also occurs a splitting of 
the local levels, wherefore the sign of the 
change in the activation energy is determined 
by the balance of these two effects, in 
contrast to the case of intrinsic conduct- 
ivity. In particular, the effect can disappear 
if the value of the exchange interaction with 
the d electrons is the same for an electron 
in a local state and one in the conductivity 
zone, 


5. Let us now turn to certain experimental 
data for the electric conductivity of anti- 
ferromagnetic semiconductors in the region 
of the Neel temperature. Naturally, the com- 
parison of the theoretical with the experi- 
mental data can only be of a rough, qualitative 
nature in accordance with the many simplifying 
approximations assumed in the calculation. 


The discontinuity in ln p near the Néel 
temperature is, in fact, observed in a number 
of antiferromagnetic semiconductors. Thus, in 
NiO, the Neel temperature which is~ 640° K 
[7], a considerable and sharp increase in the 
activation energy has been observed with in- 
creasing 7, and the points of the discontin- 
uity in In p are scattered in the region from 
550 to 650°K for different samples [8]. In 
paper [9], however, where the question of the 
connection between electric and magnetic 
anomalies is specifically investigated, a 
lowered activation energy with increasing T 
was found for NiO, and the points of the dis- 
continuity proved to be scattered in a lower 
temperature interval (~ 520°K). Besides, in 
this region the magnitude of the discontinuity 
depended strongly on the temperature at which 
the sample had been prepared. This ambiguity 
in the magnitude and even the sign of the 
effect may be connected precisely with the 
variation in the function ¢(T) introduced 
above, that is with the degree of equilibrium 
distribution of the electrons over the local 
levels. As regards the temperature scattering 
of the points of the discontinuity it may be 


that this effect is the consequence of the 
dependence of the position of the maximum of 
the magnetic susceptibility on the dimensions 
of the individual crystallites (i.e. once 
again on the prehistory of the sample) ob- 
served in paper [10]. 


In Cr.0 , which has a Neel temperature of 

306°K, a slight change in the inclination 
of In p has also been observed at that 
temperature, and for different samples the 
sign and magnitude of the effect once again 
proved to be different (average change of the 
activation energy 0.08 eV) [11]. 


Finally, we know (unfortunately only from 
Chemical Abstracts) the work of Japanese 
authors on an investigation of the electric 
conductivity of MnSe [12]. The authors found 
that the activation energy increases with 
rising temperature at 153°K by several hundred 
eV. The Neel temperature for MnSe is~~ 150°K 
[13]. 


Let us now quote the very interesting case 
of the change of sign in the temperature 
coefficient of the electric resistance at the 
Neel point, which, in accordance with the 
conceptions outlined, may be explained by the 
transition of the semiconductor into a 
degenerate state. Such an effect is well 
known in MnTe in which below Ty = 328°K a 
metallic course of the conductivity is 
observed and above it a semiconductor one 
[12,14]. A similar phenomenon obtains, 
apparently, in the alloys of the Ni-Te system 
which at ordinary temperatures display a 
metallic nature of the conductivity and then 
(above 300°C) change into weak semiconductors, 
which is also confirmed by magnetic measure- 
ments [15,16]. We finally note the case of 
v0, where there is also a transition from a 
metallic to a semiconductor conductivity at 
T = 235°C [17], while in the same region an 
anomaly of the magnetic susceptibility is 
observed [18] which does not, however, cor- 
respond to the Neel point; the latter lies, 
apparently, considerably below 173°K [19] and 
is also accompanied by a sharp anomaly of the 
electric resistance [20]. 


6. In conclusion we make a few remarks. 
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Firstly, it must once more be stressed that 
the assumptions made in constructing the model 
are ideal ones. Consideration of the specific 
crystal structure of the antiferromagnetic 
semiconductors, where, besides magnetic atoms, 
there are also atoms of another kind, non- 
magnetic ones, may, of course, affect 

the results considerably. Further, the 
approximation of nearest neighbours which we 
have used led to the splitting up of the 
conductivity band into two bands which do not 
overlap. Even consideration of the next 
nearest neighbours may, however, destroy the 
splitting up, as has been shown in paper [4]. 
Among other approximations we must also note 
the dependence of the energy spectrum on the 
temperature (see [21] ) which we have not 

taken into account in our calculation. 


It is natural, therefore, that all the 
results obtained are only of a qualitative 
nature. Nevertheless, one may expect that 
this qualitative nature will be preserved 
in a more precise solution of the problem, 
Thus, for example, consideration of the more 
distant neighbours, although it may lead to 
the replacement of the gap in the centre of 
the conductivity band by a more or less deep 
minimum in the density of the states (which 
from the qualitative point of view is without 
significance), will not affect the shift of 
the bottom of the conductivity band or the 
splitting of the local impurity levels, the 
basic result which conditions the anomaly of 
the electric conductivity at the Neel point. 
In exactly the same way consideration of the 
temperature dependence of the energy spectrum 
is important only for more detailed quanti- 
tative investigations of the temperature 
dependence of the electric resistance, which 
at the present time is hardly of interest 
because of the absence of detailed experi- 
mental data. 


CONCLUSIONS 


1, The study of the s-d exchange inter- 
action in the simplest model of an antiferro- 
magnetic semiconductor leads to the possibil- 
ity of an anomaly of the electric conductivity 
appearing near the Neel temperature. Usually 
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this anomaly has the form ln p (1/T) at the 
Neel point; in semiconductors with low activ- 
ation energy, however, this effect may lead 
to the appearance of metallic conductivity 
below the Neel point in connexion with the 
transition of the semiconductor into a 
degenerate state. 


2. In the framework of the present theory 
only a lowering of the activation energy is 
possible for the intrinsic conductivity on 
the transition from the paramagnetic to the 
antiferromagnetic state. By contrast, for 
impurity semiconductors both a lowering and 
an increase in the activation energy is 
possible, and in this case the magnitude and 
even the sign of the effect may depend on the 
prior heat treatment the sample has received. 


3. Known experimental data qualitatively 
confirms the theory; it is, however, necessary 
to conduct further combined investigations 
of the electric and magnetic properties of 
antiferromagnetic semiconductors, First of 
all, the presence or absence of anomalies in 
the electric conductivity must be established 


for a large number of hitherto not investigated 


compounds, as well as the dependence of the 
effect on the amount and type of the 
impurities and the thermal history of the 
sample. 


The author is very grateful to S.V. 
Vonsovskii and E.A. Turov for many observ- 
ations and valuable advice, 


Translated by B, Ruhemann. 
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THE MANY-ELECTRON THEORY OF THE PHOTOELECTRIC 
EFFECT tN CRYSTALS* 


A.Z. VEKSLER and A.V. SOKOLOV 
Institut fiziki metallov Akad. Nauk SSSR 
Sverdlovskii filial VNIIM 


(Received 11 April 1957) 


Certain of the general properties of photo-electric emission were 
established without the application of any simplifying assumptions, i.e. 


without the assumption of a model. 


It is shown that in the most general 


case the photocurrent may be calculated using single-electron formulae, 
with the one essential difference that the number of photo-electrons is 
determined by the excitation state of the whole system. In contrast to 
single-electron theory, the law of conservation of energy during the 
photo-electric effect cannot be applied in this case to a separate 
electron, in connexion with which interpretation of the well-known 
Einstein equation, relating the frequency of light to the maximum energy 


of electrons, may be slightly altered, 


i.e. the process of emission in 


certain substances (e.g. semiconductors), may prove to be dependent on 


the frequency of the incident light. 


The single-electron theory [1,2] of the 
photo-electric effect explains a series of 
photo-electric mechanisms; the presence of a 
limiting frequency, the connexion between the 
frequency of light and the maximum speed of 
electrons and so on. The starting point of 
the theory is the assumption that during the 
effect a quantum is absorbed by one electron 
only. As a result of each such elementary act 
of excitation, all the electrons except one 
have unchanged energies. Such an assumption 
is only justified when the electrons move 
independently of each other. In actual fact, 
due to strong interaction between them the 
elementary process of absorption of a quantum 
of light may not even take place. 


In connexion with this the experimental 
results obtained by Arsen’ yevoi-Geil’ [3] and 
Shuba [4] should be noted, according to which 
the process of emission of photo-electrons is 
observed to depend on the frequency of the 
light, which cannot be explained within the 
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framework of single-electron theory. In the 
general case of absorption of a quantum of 
light when there is interaction between the 
electrons, this must lead to the excitation 
of the system as a whole, as a result of 
which the photocurrent arises. A theoretical 
analysis of the process of excitation of the 
system in this case can only be made on the 
basis of the many-electron theory of crystals. 
Unfortunately, at the present time many- 
electron crystal theory is still far from 
complete. Work [5-7] published to date, in 
which the interaction of the electrons is 
considered, is based upon a whole series of 


simplifications, among which the most important 


is the replacement of the wave function for a 
system of electrons by the sum of a finite 
number of terms of a series, which would only 
be equivalent to the former if an infinite 
number of the components was taken. It should 
be noted that this simplification is not 
necessary. Below several general rules are 
examined for the photocurrent in crystals, 
without defining more closely the form of the 
wave function, and without the aid of any 
simplifying assumptions. Although such an 
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examination of the photo-electric effect does 
not allow establishment of its special 
features in metals or semiconductors, it does 
allow formulation of those characteristic 
features of photo-emission which are connected 
with the deviation from the elementary process 
of absorption of a light quantum by a separate 
electron, 


1. THE WAVE FUNCTION OF A SYSTEM 
OF ELECTRONS IN A CRYSTAL 


Let the crystal occupy the half-space 
x < x) where in the region x > x, there is a 
vacuum. For examination of photo-emission the 
wave function must be found not only for the 
region inside the crystal, but also outside 
it. Thus the wave equation determining the 
state of the system with the absence of a 
changing electromagnetic field can be written 
in the form: 


HY = EW, 


where 


H=— + LUG) + — 
j 


(1. 1) 


U(r.) is the energy of interaction of the 
electron with the lattice; M(|r;- r,|)is 
the energy of interaction of the i-th and 
j-th electrons; E£ is the value of the 
internal energy of the system (by ri and r. 
are meant the radius-vectors of the 
electrons). 


Putting Wr; - r.) = 0 we get the wave 
equation for a system of non-interacting 
electrons, which by norm methods can be 
brought to the following: 


(1. 2) 
We will look for a solution of equation (1.1) 
in the form of a series consisting of 
determinants, the elements of which are ex- 


pressed in the form where 


Cry (7) is the spin function. Here the 
function (r -) refers not to a single 
band, but to the whole set of them. This 
series may be written in the following form: 


(1.3) 

where K,(¥) is the quasi-impulse of an 

electron of the v-th band, and the index A 

or k refers to right-handed or left-handed 

spin orientations respectively; similarly we 

have x); 


Py) = (NM!) : Tp Pal (r;) 
Pp 


-.. Ys) (ry) (2y); (1. 4) 


N is the number of electrons; 7, is a trans- 
position factor. 


In an examination of the phenomenon of 
emission it is very important to establish 
the criterion determining the presence or 
absence of electrons outside the crystal. 
Obviously, when emission is occurring, the 
probability of finding electrons at any given 
distance from the bounding edge is not equal 
to zero, while in its absence the probability 
decreases and becomes insignificantly small. 
The state of a system where emission is 
occurring we will call free, and one where it 
is absent, bound. To determine whether a 
given function refers to a free or a bound 
state we need only find the quantity a from 
the equation 
a= lim (1. 5) 


j 


The expression (dry ) denotes that the inte- 


gration is carried out for the co-ordinates 
of all electrons except the j-th. 


If a = 0, then VY gives a bound-state 
system, and if a # 0, a free one. It is not 
difficult to establish the singularities of 
the series (1.3) for a 4 0. Before going on 
to calculation of the integral (1.5) we note 
that the wave functions r) also determine 
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free or bound (single-electron) states, for 
which we may write an equation similar to 
(1.5) 


8, = lim (1. 5’) 


Thus after substitution of (1.3) in (1.5) 
and integration along the co-ordinates we 
obtain for the ortho- normalized function 
the following result: 


lim 


& J 


(1 (s) 


(5s) 
«K 


— 
¢ (1. 6) 


We note that the set of terms Kit)... Ki#) 
differ from x’{1) by not more than 
one quasi-impulse, since all the remaining 
terms become zero, 


It is obvious, that if for all the Y,(r) 
inserted in (1.6), the corresponding values 
of B, are equal to zero, then also a = 0, 
Thus the necessary condition for the wave 
function of the system to correspond to a free 
state is that at least one cf the values of 
8, for the functions y¥,, inserted in series 
(1.3), is not equal to zero. 


It is easy to show that this condition is 
also sufficient. Omitting proof of this aspect, 
we note that calculation of the current by the 
usual quantum-mechanical formula shows that 
the latter also differs from zero only for a 
free state. 


THE EXCITATION WAVE FUNCTION OF 
A SYSTEM OF ELECTRONS WITH AN 
ELECTROMAGNETIC FIELD PRESENT 


2. 


To find the wave function of a system of 
electrons acted upon by light, we can use the 


equation 
i 


(2. 1) 


where 


ieh 


A (2. 2) 


Aj = a, exp (ivt). (2. 3) 
In future we shall take it that a. is not 
dependent on the co-ordinates, as this function 

is known to have little influence on the 
magnitude of the photocurrent, if A; corres- 
ponds to a monochromatic wave. 


In formula (2.3) the term containing the 
exp(—iq@t) factor is neglected, since it 
corresponds to the process of emission of 
light, and has no part here, presenting no 
interest in dealing with the photo-electric 
effect. 


In future we shall limit ourselves to the 
case where the interaction of the electrons 
with the light is small compared with the 
interaction of the electrons with each other. 
Under these conditions, fora solution of 
equation (2.1) we can use tHe perturbation theory, 
presenting the wave function P(r, oe ryt) in 
the following form: 


(2. 4) 


in which Y, satisfies equation (1.1), and the 
correct inequality for X (ry see ryt) is 


Thus for X we can as a first approximation 
write the following equation:. 


N 
28) 
j-1 


We can look for a solution of this equation 
in the form of the integral 


= fe (q’, t) Wage (ry #) dq’, 
(2.7) 
where  - is a wave function satisfying 
equation (1.1); q° is the set of quantum 
numbers determining the state of the system. 
Substituting (2.7) in (2.6) we get for the 
amplitude c(q’, t) the following equation: 


N 
i=! 


ot 
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We multiply both sides of this equation by 
Y*and integrate along the co-ordinates of 
ali electrons. Then the relation we get, from 
the ortho-normalized function, may be written 
in the form 


N 
(E,—E,— hot], 
j-1 (2. 9) 


where 


Wig = Ws (ry... Py) (aj Vy) Py) (dey): 


(2. 10): 


Assuming that for t < 0 the crystal is not 
illuminated, we find the following expression 


for c(q, t); 


i 
exp (Eg — Ey — hw) ‘| - 1 N 
h 
ing: 


2) = 


(2. 11) 


Calculation of the matrix element 
leads to the formula 


‘Ww (K;, Kj), 


w (Kj, = J (7) — 


is the "single-electron" matrix transition 
element. We note that the wave function 
w,(r-) can apply both to free and to bound 
single-electron states. If all the functions 
v,(r.), inserted in correspond to the 
bound state than, as shown above, after 
excitation of the system of electrons there 


will not be photo-emission, Although such 
transitions are not of interest in this case, 
in an examination of optical properties of 
the crystal however, they should be taken 
into account. We know that the matrix element 
@ (k., k”.) can correspond both to a surface 
effect, for which the correct equation is 


Kiy, z = Kiy, 2 + Qing, ns (2. 13) 
where = (27 / a)n, (J), Vjn3 = (2 
(n\J 2,3 are whole numbers), and also to a 
volume effect, corresponding to conservation 
of all three constituent quasi-impulses 
, 


Besides this relation, it is not difficult 
to formulate the law of conservation of 
energy for this case. If we consider, that 
the factor 


(2.13) 


exp — Ey — hw) ‘|- 


(Eq— Eo— hw) 


*n “Nn 
(2. 12) 


is analogous to a delta-function, then the 
law of conservation of energy can be written 
in the form 


E, =E, + ho. (2. 14) 


The selection principle does not allow us 
to say anything about the energy of separate 
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electrons, It only defines the energy of the 
system as a whole, similar to the position it 
holds in any-electron optical theory of the 
properties of the crystal [9]. It will not be 
surprising if, as a result of absorption of 

a light quantum excitation of the whole 
system of electrons should occur, and, if it 
is sufficiently large, an emission current 
should then appear. 


If the energy of the system is defined by 
the equation 


N 
E= (2. 15) 
=1 
and Y (r, +++ Ty) reduces to a single deter- 
minant, then the condition (2.14) is 
equivalent to the following: 


+ ho. (2. 16) 
Even within the framework of the self-co- 
ordinated field method [8], which is taken 
into account in the degree of interaction of 
the electrons, the law of conservation of 
energy can be formulated just as in single- 
electron theory. It is evident that in this 
case the well-known relation between the 
maximum speed of the photo-electrons and the 
frequency of light will hold. This relation 
is a particular case of the law of conserv- 
ation of energy for the whole system. From 
the point of view of many-electron photo- 
electric effect theory, the limiting frequency 
may be defined by the difference between the 
energies of the excited and the initial 
states, the former corresponding to the 
lowest free state: 


air 


2.17 
nin h ( ) 


We can similarly define the limiting frequency 
for the volume effect, it being bound up with 
the energy of the excited state, correspond- 
ing to the wave function of a system contain- 
ing any one single function Yr), to which 
equation (2.13%) applies. 


In connexion with this it is important to 
note the following. 


As we know, measurement of the maximum: 
energy of the photo-electrons, and consequently 
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the verification of Einstein’s photo-electric 
formula, is made as a rule using the balanc- 
ing potential method, which is based on find- 
ing that retarding voltage, at which the 
photocurrent ceases. It turns out, that with- 
in the framework of the many-electron theory 
the method of balancing potential allows us 
to find the maximum energy of a single 
electron. This means that if the relation 
(2.15) is not satisfied, the connexion bet- 
ween maximum energy of a single electron and 
the frequency of the light appears more 
complicated than it would seem from Einstein’s 
formula. 


We will examine then the state of a system 
upon application of an external field. In 
this case the wave function will be defined 
by the equation 

N 
1 1 
x, x' ) Ey' (2. 18) 


j=1 


It is evident that X {1) 


panded into a series of determinants consist- 
ing of wave functions ¢(r) which satisfy the 
equation 


(2. 19) 
where € is the value for the internal energy. 
Repeating almost word for word the reason- 
ing of the preceding section, it is easy to. 
show that emission of electrons upon appli- 
cation of an external electrostatic field is 
determined by the single-electron functions 
$(r.), which also can apply to free or bound 
states, It is seen that for a certain value 
of potential of the field, only one function 
¢(r) will correspond to the free single- 
electron state. This, also, will be the 
maximum balancing potential at which emission 
has not yet disappeared. The above reasoning 
shows that the method of balancing potential 
gives us a value pertaining to a separate 
electron, whereas the law of conservation of 
energy can be formulated only for the system 
as a whole. This points to the possibility 
of other interpretations of Einstein’s law. 


can be ex- 


Dobretsov [10] was among the first to point 
out the possibility of an alternative inter- 
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pretation of Einstein’s law, having observed 
that due to interaction with a "free electron’, 
electrons remaining in the metal move faster, 
giving up excess energy to the lattice*. On 
this account the maximum speed of the photo- 
electrons turns out to be less than would 
appear from Einstein’s formula. Since this 
decrease depends upon the speed of the photo- 
electron, the graph of the function i. * 
f(@) presents not a straight line, but a some- 
what curved one. The considerations which 
Dobretsov produced on the basis of this 
reasoning were correct, although the processes 
themselves were somewhat simplified. For 
example it is assumed that here the inter- 
action of the electrons plays an essential 
part only when an electron has been ejected 
from the crystal. It appears that this 
simplified evaluation of Dobretsov’s gives a 
higher value for the difference between the 
maximum energy of an electron according to 
Einstein’s formula and the value which should 
be observed in practice. 


The possibility of other interpretations 
of Einstein’s law was also indicated by the 
results of an experimental investigation of 
the photo-electric effect in certain semi- 
conductors, made by Arsen’ eva-Geil’ [3] and 
Shuba [4] by which the dependence of the 
process of emission on frequency was estab- 
lished. 


The fact, that these slight shades of 
meaning in Einstein’s formula are observed 
thus in semiconductors, may be explained as 
follows. As shown above, the self-co-ordinated 
field method, applied to the electronic 
theory of a solid body, leads to Einstein’s 
formula, We note that in photo-electric 
effect theory we have to examine not only the 
lowest state of the system, but also excited 
states. Whereas the self-co-ordinated field 
method can be applied only to the lowest level 


In other words, the interaction of the 
whole system of electrons remaining in the 
crystal with the photo-electron which has 
been ejected from the crystal can be com- 
pared with the action of a positive hole, 
which attracting to itself a negative 
electron, decreases its kinetic energy. 


of the system [8]. Because of this the self- 
co-ordinated field method gives more accurate 
results for metals than for semiconductors 
and dielectrics, since in the former the 
excited states lie immediately above the 
lowest level, while in the latter there is 

a certain finite interval between them. There- 
fore we can expect that for metals the self- 
co-ordinated field method will be suitable, 
although approximate, for the lower excited 
states. It appears that for semiconductors 
this method is suitable for a description of 
excited states only in rare cases, and 
evidently is not suitable for the photo- 
electric effect. 


3. CALCULATION OF THE PHOTOCURRENT 


We will go on to the calculation of the 
photocurrent at a large distance from the 
bounding edge of the crystal, in the vacuum. 
If we take into account that the wave 
function of the undisturbed state makes no 
contribution, we get for the current density 
the following expression: 


N 
(3. 1) 


Substituting integral (2.7) in (3.1) and using 
the ortho normalized function Fe we get 


for Jy the formula 


(3. 2) 


where 


oy’ 
ing = Ox; ax; 


) as, 


Here K.. is the quasi-impulse of a free 
electron. 
The expression oft indicates 


that terms which differ from zero are coupled 
with the corresponding determinants Tae 


having emplitedes «, and «, 
ng amp *k, kp 


respectively, for states defined by the 
values q° and gq. 
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We should note that the summation in (3.2) where 
is carried out only for the free states Ks. P 
so the preceding expression can be written in w(Kj; On, [w (K;, 
the form. x/ 9 


“ie “nt (3. 2’) (de = J€/Ok, when the conservation 


law is satisfied. 
Before substituting c(q, t) in (3.2°) we 


transform the expression for ¥. carrying The quantity 
out the summation for the states being filled, 


which are characterized by the quasi-impulses e2 


J 
Substituting (3.3) and (2.11) in (3.2”) 
we get for the current the final form | 


n,!. 
J Kj 


KK 


*(q) (0) 
h 
it 


kN y (1 7 
1 


ntl)... 
K 


hy 


K 


nye (Kj, Ky). (3. 3) 
N 


- 
Substituting (3.3) and (2.11) in (3.2%) ' has a simple physical significance; it is the 
we get for the current the final expression number of photo-electrons whose production is 


— E, — he) ‘|- exp — Ey — hw) 


(q) gra) 


i 


Q\” V; 


e q 


We notice that in the "single-electron" 
approximation, when the wave function of the 
system reduces to a single determinant, the 
amplitudes equal delta-functions, 


* due to the excitation of electrons with right- 
or left-handed spins, which are situated in 
states characterized by the quasi-impulse k’ j 

and so formula (3.4) gives tle following 

result: Considering that in the expression (3.4) 

the summation is carried out for the free 
states, we can introduce the idea of the 
"ie (3.5) | defined in the. following way: 


m2c2 


14 
é 
mc 
- 
Bn(s) 
Jg = —— = ~ — 
where 
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| 
(Eq — Eg — hw) (Eq — Ey — hw) 


h2 


"Ky 


Kh 


Then formula (3.4) can be written in the 
following form: 


= (3. 8) 
Kic 


which has the same form as the expression for 
the photocurrent in single-electron theory 


(3. 9) 


As is clear from re the difference between 
them is that N,. is determined by the excita- 


tion of the mike system of electrons, where- 
as N, can be found if the values of w and 


jc 
n,, referring to a single electron, are known, 


It is evident that N,. and N,. may 


generally speaking differently onk. , 
and so the relation of the number of elections 
to the quasi-impulse will be different for 
many-electron theory and for single-electron 
theory. It is possible that this point may 
clarify the results of a determination of the 
velocity distribution function for photo- 
electrons in sodium and potassium with con- 
paratively high frequency light [11]. There 
the number of slow photo-electrons on measure- 
ment turned out to be much higher than it 
should from single-electron theory. 


In conclusion the authors would like to 
express their gratitude to S.V. Vonsovsky for 


a series of valuable observations, produced 
on discussion of the present work. 


Translated by D.G. Noel 
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A CONTRIBUTION TO THE THEORY OF ANTIFERROMAGNETISM 
OF TRANSITION METALS. 1. ENERGY SPECTRUM* 


A.A. BERDYSHEV and K.V. SHITIKOVA 
Urals Gos. Gor’kogo Univ. 


(Received 25 April 1957) 


An s-d volume model for an antiferromagnetic transition metal is being 
developed, in which magnetic interactions are taken into consideration, 
In the first part the energy spectrum is considered. It is shown that the 
conductivity zone breaks down into two sub-zones with a slit between them, 
which is proportional to the magnetism of the sublattices. 


1. Certain pure metals and alloys are antiferromagnets. Shull and Wilkinson [1] have proved 
the existence of antiferromagnetic order in alpha-manganese at below 100°K. Kaspar and Roberts 
[2] have defined the magnetic structure of this element more closely, and have found that the 
Neel point is 125°K. The transition of the antiferromagnetic state into a paramagnetic, as well 
as the corresponding transition in ferromagnets, is accompanied by an anomaly in various 
physical properties - a maximum in thermal capacity [3] and paramagnetic susceptibility [4]. 
Further, at the Neel point, a minimum electrical resistance and an anomaly in thermal e.m.f. 
is observed [5]. Similar effects have been discovered in Cr, the Néel point of which is 475°K 


[1]. 


At present no satisfactory theory of the antiferromagnetism of transition metals exists. 
Lidiard [6] and Matsubara [8], using Slater’s idea of the altered potential in an antiferro- 
magnet, tried to construct a model of the antiferromagnetism of collected electrons. Heber [9] 
and Kasuya [10] tried to realize Zener’s idea about the new mechanism of ferro- and antiferro- 
magnetic relationship in transition metals. Both these trends are of great interest, but evoke 
a number of serious objections (see, for example [11]). 


2. An s-d volume model for an antiferromagnetic transition metal analogous to the way in 
which the ferromagnet model [12] was built, was developed in the present research work. Let us 
consider a system consisting of N ions, situated in the unit cells of the crystal lattice. 
Further, let us assume that there are N"internal" d-electrons and N conductivity electrons 
(s-electrons) in the system. Let us consider the movement of the electrons. The energy operator 
of the system in co-ordinate representation takes the form 


N 


where Hy is a single operator containing the kinetic energy of the electron, the electrostatic 
and magnetic spin-orbital interactions of the k electron with all unit cells of the lattice, 
¢ is the energy of couple interactions between electrons (not necessarily central). In the 
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representation of the second quantitation, H, as is known,* is denoted in the form [13]. 


1 
H= (v, v ay + vie ¥5) ay a," 


¥) = (r, s) H, s) drds, 
dr, dr, ds, 
The matrix elements satisfy the relationships 
v') = L*(v’, v), F (qs ¥2) =F (vas = F* Ya) 


and are determined with the help of the whole system of orthonormalized single functions 
@r, s); the index v denotes a full assembly of quantum numbers characterizing the electron 
state. In our case v = Wo; to eg and ? are radius-vectors of units of d- and s-electrons, o is 
the spin co-ordinate, and a, are Fermi second quantization operators). 


Taking into consideration the smallness of magnetic interaction as compared with the 
electrostatic, it is possible to assume that Qtr,” s) is the superposition of a co-ordinate 
function on a spin function. We shall describe both electron systems by atomic functions, 
assuming them to be practically all orthogonal. Thus 9, ,= (r) ¢(s), Xe (r) e(s). 


We shall not consider the part played by d-electrons in phenomena associated with the 
transfer of charge (electrical conductivity, Hall effect, etc.), but we shall limit ourselves 
to a consideration of magnetic phenomena, and therefore we shall impose conditions of homeo- 
polarity 2 6.o+ Snot ! (for all n) on the d-electron system. Within this condition only those 


members will remain in the operator (1) which, acting on the wave functions whose arguments are 
the occupation numbers, do not change the number of d-electrons in the vicinity of each unit 
cell, i.e. for d-electrons, only exchange processes are possible. Besides, we shall ignore the 
interaction between conductivity electrons. As a result we obtain an operator energy of the 
following form: 


010 
= UL (to, aye + Lu [F 201, — TI] - 


+ + 


* Here, and in future wherever possible, notations used in papers { 12] will be used. In the 
formulae, a summation of all lower signs will be assumed. Further, any exceptions will be 
specially mentioned. Under the sum sign only summation peculiarities will be noted. 
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Here, and in future, for the sake of brevity it is assumed that the second item in square 
brackets is derived from the first item by rearranging two pairs of the last arguments, i.e. 


> => => => > 
[F 2505) — Il] = [F (1,9), nj of, 05) — 
> > > > 


At O°K the antiferromagnet is in a state of complete order of d-electron spins, and in the 
simplest case of antiferromagnetism it is possible to divide the lattice into two inter- 
penetrating magnetic sublattices, in each of which the d-electron spins are directed parallel 
to each other, and anti-parallel to the spins of the second sublattice, each atom of one sub- 
lattice having as their closest neighbours atoms from another sublattice. At temperatures 
close to zero, this order state is often destroyed by heat movement, and spins arise in each 
sublattice, which are directed towards the basic magnetism of the sublattice. This destruction 
of the antiferromagnetic order state can be described by elementary excitements, namely, by 
spin-waves, with the help of Gol shtein and Primarkovs formulism. With this aim in mind, we 
shall transfer from the operators a9 to the operators of spin-deviation 6, and ce for spins 
in both sublattices. We shall number the unit cells of one sublattice by the index n, the other 
with a». By leaving in the energy operator members containing not more than four operators, we 
get 

Hy=UytH, +HstHy Hyg = Uo t+ H2 + Hy (2) 


where H. denotes the operator containing the products j of the second quantization operators. 
The items U, and v are additive constants. 
3. The operator H, takes the form 
Hy + Am 2970, + On + DinnC Oy + 


GinnC ) + Cm, Co, + Din: me + Cut Pe, + 


where the stroke at the sum sign means that members with identical lower signs do not enter 
the sum. The last two members describe the influence of the external magnetic field along the 
direction of antiferromagnetism. The coefficients in H, are 


Ann =L'™ (m-~, m~)—L"™ (m*, m*)—[F (m*, n-; m*, + 
— 
+[Fm',n;m , 
>_ = = ~ ~ 
= [F (my, m3; my, (mi, m2; mi, 
=([F (m7; mz; 
Gin =(F (m™, n-; m*, (3) 
In (3) the matrix elements A and G describe the interaction of spins in different sub- 
lattices. This group of members is more important, as the interactions between the closest 
members play a particular role in them. The matrix elements C and D describe the interaction 
between spins of one and the same sublattice. The interactions between neighbours of the 


second order, i.e. considerably weaker ones than in the first group, are the chief members of 
them. However, these members are important for the problem of antiferromagnetism durability 


[15]. 
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As the operator of the couple interaction F depends on the difference of the co-ordinates 
of electrons oo — 9° D)» and not on each co-ordinate separately, it is possible to bring the 
square form (3) gn, a diagonal form by means of canonical equations |16] with the help of a 
linear substitution. 


where € are operators of the Boze statistics and the coefficients u, v, r and s are determined 
from the commutation relationships for operators bn and the equations 


= + a Cos + Ugu D + 


— E, {3 Aine + + gpolt} Ugqu + + 


= + Cm — ron +2 Din + 


which are solved by the substitution (u, v, r, s) = (cy, Cos C3, cy) x ¢"# (the actual form 
of coefficient c. will be given in subsequent work). The secular equation of this system leads 
to following natural values (to the energies of spin-waves): 


E,=+(B+VY (4) 


C = [(a + h) (a* — h) — (8.8, + + — — Ta)? — 
— (8,8, + [(@ +4) — Bn te + — 

— [(a* — h) B— Bu ta + +e + 
after which the energy of the d-electron system can be written in this form: 

Here, for brevity, the following is used: 


m 
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Since the negative energies of elementary excitements do not possess physical sense, (4) 


gives only two energies, ‘. and Ey with a plus sign before the square root. 


We have derived a fairly general expression for the energy of spin waves of an antiferro- 
magnet. In particular it contains isotropic exchange, spin-orbital interaction and anisotropic 
exchange. This expression can serve as the basis for the calculation of the energy of aniso- 
tropy, relaxation phenomena, etc. Let us consider individual cases. 


(a) Electrostatic interaction, approach of closest neighbours. In this case 


m 


=+h+V + ap— 


is the usual expression for the energy of spin-waves. 


(b) Electrostatic plus dipolar-dipole interaction. In calculating the electrostatic inter- 
action, we take into account neighbours of the second order. In calculating the dipolar-dipole 
interaction, we take into account only the closest neighbours. Here 


1 
= 5, [ri — 3 (9,7,) (%273)], 


¢n> 


<n> 


Here I’. is the electrostatic volume interval between neighbours of the second order, the 
sign < n> denotes summation along closest neighbours, and << n >> summation along neighbours 
of the second order. The remaining notations are the same as in [12]. 


Ex = + + [447 (@? — + 40%, 8, + 
s 1 
% (6, — 
4. The portion H’, + Hy includes the kinetic energy of the s-electrons and the bilinear 


relating to the occupation numbers part of the s-d-interaction with ny and Neos 
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{L (ta, ta") + > VIF (07, fo; 07, ta’) — 


ts, n 


+ (m*, fo; m*, fo; at, t’o') 


—[F(n-, ta; to’) — 6, + fo; Ho’) — 
m 
[F(m*, ts; mt. cn Ca} Ais 


where the indexes t and t’ run through the unit cells of both sublattices of the crystal. 
During antiferromagnetic order establishment of the d-electron spins, the s-electrons move not 
only in the periodic field of the lattice, but also in the periodic field of the ordered d- 
electron spins. The appearance of this additional periodic field with a doubled period in 
respect to the period of the crystal lattice, may lead to an additional splitting-up of the 
conductivity zone. When finding the energy of s-electrons, we must divide them into two groups: 
one part of the electrons being in the units of one magnetic sublattice . and one part of 
the electrons being the units of a second sublattice T?). If there were no s-d-interaction, 
then the presence of magnetic sublattices would not exert any influence on the behaviour of the 
s-electrons; however, the existence of such an interaction leads to s-electrons with opposite 
spin-orientations interacting differently with magnetic sublattices. Taking into consideration 
the doubled periodicity of the s-d-interaction, the Fourier transformation for the operators 


a, 9 and a should be written in the form 


As a result we get 
Ho + Hy =D + By (ag + + Dy + 


K 


+ Cy [ax + Cy — a] + Dy -) + 


Pt + + 


This square form is brought to a diagonal one by the same method as that used in paragraph 
3. For the conductivity electron of electrons "under-magnetized" by an antiferromagnetic field, 
we find 


Eg = — (An + Di) > + + 
If the rather awkward expressions of the coefficients entering here are not written out, we 
obtain as a final result 


ak, \*2 


+ 4z (4 +T S) cos? cos cos 
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where, for the sake of brevity, the following is accepted: 
y2 = +(E7 — +2(E, —J,)? + — — — 


Eo is the energy of interaction between a conductivity electron with "its own" nucleus, L = 
transfer energy, T and S are integrals of the form 


T=}, { (7)? riz (ri2 (fr, — n) 7 dr, dry, 


and the values of A z equal A : Ay 9 zA,, where Ay = interaction within the atom, A, = 
interaction between the atoms, i.e. the closest neighbours, p =(2/N)Z (1/2 64) magnetism 
of sublattices, z= co-ordination number (we consider an OTsK lattice, for which z= 8). The 


remaining notations are the same as before, except that here they refer to the s-d-interaction. 


From (5) it can be easily seen that when T> Ty p = O and Ey =&,, the usual l-electron 
energy for a conductivity electron is obtained, in which the s-d-interaction is taken care of. 
it T < Ty then a slit appears in the centre of the conductivity zone of width 


AE = 2n7 (6) 
(If the dipole members y = oe - zIj* are not taken into consideration). 


The permitted energy subzones of the conductivity zone have a width of 


lig 


+T — = — PY. 


If the conductivity zone of a transition metal did not overlap with the 3 d-zone,* then in the 
case of chromium, if the temperature is lowered to below the Néel point Ty all conductivity 
electrons would completely fill the lower subzone which is separated from the upper by the 
slit, (6), and the d-electrons would fill the lower 3 d-subzone, which is also separated from 
the upper 3 d-subzone by a slit, and the metal, on cooling to below the Néel point, would be 
transformed into a dielectric (or more precisely, a semiconductor). The conductivity during 
this transition through the Néel point would be changed from a metallic to a semiconductor one 
as a result of "freezing" of electrons by a periodic antiferromagnetic field. 


If the interaction with neighbours of the second co-ordination sphere is taken into account, 
then it is possible that the indicated splitting-up of the conductivity zone at definite 
relationships between the values of interaction integrals, does not take place. Besides, the 
position becomes more complicated by the overlapping of the 3 d- and 4 s-zones, which may lead 
to an absence of the slit both between the 3 d-zones, and between the 4 s-zones, if one of the 
zones falls into the slit between the other zones. 


But even in this case the freezing of the conductivity elect.ons effect by the periodic 
antiferromagnetic field leads to a decrease in the density of the number of states in the Fermi 
boundary region, which becomes apparent in the anomaly of the electrical resistance at the Néel 
point [5,17], and in the relatively small low-temperature electron thermal capacity of chromium 
[18]. It is possible that a similar splitting-up of the conductivity zone can take place also 


* Which also splits up into two subzones if T< Ty [18]. 
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in other antiferromagnetic metals and alloys. 


The authors take this opportunity to express their sincere appreciation to Yu.P. Irkhin for 
the discussion of this paper, and for his valuable advice. 
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On the basis of thermodynamic relationships, and the theory of curves 
of magnetization for crystals of the hexagonal system, a formula is given 
for the dependence of the magnetocaloric effect of cobalt in the region of 
fields of rotation on the value of the magnetic field and its direction 
with respect to the hexagonal axis of the crystal. Assuming random dis- 
tribution of the crystallite axes, the expression is evaluated for the 
case of a polycrystalline sample. Experimental studies of the magnetocaloric 
effect of polycrystalline cobalt at temperatures from 78 to 636°K showed 
good agreement with the theoretical formula. 


A study was also made of the effect of the € + y transition in cobalt 
on the magnetocaloric effect. 


The use of the second law of thermodynamics ,, T ( Os ) dH (4) 
for adiabatic reversible processes makes it Ch. H OT 

possible to determine the change in or from the formula 

temperature of a body dT with change in its ; 

state. The value of dT is determined by the ar=——(<F] al,. (5) 
following relationships [1]: Crp \ OT HM, 


Change in the temperature of the ferromagnetic 

with adiabatic change in its magnetic state 

is observed not only with change in the value 

of spontaneous magnetization (real magnetiza- 

tion), but also at other stages in the process 

of magnetization. A large number of papers 

has been devoted to a study of irreversible 

and reversible changes in temperature in the 
In the case of a ferromagnetic, the work process of magnetization and magnetic 

of a magnetic field with increase in the reversal of ferromagnetics [3-7]. 

value of spontaneous magnetization Tg equals 


where the value of A da is an expression of 
the elementary work di. 


Stoner and Rhodes carried out a theoretical 
dW =— Hdil,. (3) study of processes connected with the change 

in temperature of a body during magnetization 

The corresponding change in temperature of [8]. Akulov and Kirenskii [9] showed that the 

the ferromagnetic-magnetocaloric effect, dis- reversible change in temperature AT of a 

covered by Weiss [2], is determined by monocrystalline sample of nickel arises 

formula (2) taking (3) into account during its rotation in a strong magnetic 

field 
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where K, is the first anisotropy constant, 
s;, s; are the cosines of the angle between 
the direction of the vector of spontaneous 
magnetization I, and the trigonal axes of the 
crystal. 


In the present paper we deal with the 
reversible change in the temperature, corres- 
ponding to the reversible process of rotation 
of the vectors of spontaneous magnetization 
under the action of an external magnetic 
field. The calculation and experimental 
results are given for polycrystalline cobalt 
Since, as will be seen below, cobalt is the 
most interesting material and suitable for 
the study of this type of effect. We will 
consider a crystal of cobalt having no 
internal and external stresses, and will also 
neglect the energy of the demagnetizing field, 
assuming that its influence is insignificantly 
small for the corresponding form of sample. 
With these assumptions, the rotation of the 


(oooh 


FIG. 1. Unit cell of cobalt 


vectors of spontaneous magnetization in the 
direction of the external magnetic field will 
only be hindered by the forces of magnetic 
anisotropy. It can be assumed that increase 
in the energy of anisotropy of a ferromagnetic 
under conditions of an adiabatic process 
should cause cooling of the sample, in the 
same way that decrease in the energy of ex- 
change reaction of spins with increase in 
spontaneous magnetization usually causes heat- 
ing. 


It is understandable that change in 
temperature during rotation of the vectors of 


spontaneous magnetization will be observed to 
a large degree with those ferromagnetics for 
which the energy of magnetic anisotropy has a 
large value, i.e. for ferromagnetics with 
sharply expressed anisotropy of magnetic pro- 
perties, e.g. for cobalt. Cobalt has an 
anomalous character of dependence of aniso- 
tropy on temperature, which makes it a very 
interesting object for checking theoretical 
conclusions. Furthermore, since the Curie 
point for cobalt is high in comparison with 
other ferromagnetics, the correction to the 
investigated effect for heating of the sample, 
caused by increase in the magnetic field of 
spontaneous magnetization (formulae (4) and 
(5)) at low temperatures, is insignificant. 
The energy of anisotropy of crystals with 
hexagonal symmetry (as in the case of cobalt) 
has the form[3]. 


U, = Kk, sin?@ + x, sin‘ 8, (7) 
where ky and k, are constants of crystallo- 


graphic magnetic anisotropy, ® is the angle 
between the vector of spontaneous magnetiza- 


tion and the hexagonal axis of the crystal 
(Fig. 1). 


With turning of the vector of spontaneous 
magnetization through an angle d®@ the work 
expended 


dW = —dU,, = — (2k, sin 8 + 4x, sin? 6)dsin®@ = (8) 


= — (k,dsin? sin‘ 9). 


The corresponding change in temperature of 
the body dT is determined from formulae (1) 


OT (>) dsin? + dsin* 9] (9) 


Cc 


|\ oT oT 


The specific heat for constant angle OC» 
does not contain any magnetic work and, 
consequently, it does not differ very much 
from the usual specific heat Che measured in 
the absence of a magnetic field. To determine 
the dependence of dT directly from the value 
of the magnetic field, it is necessary to 
find the dependence of a sin* @ and d sin’ ®. 
In the calculation of these values, we will 
use the theory developed by Akulov [10] for 
calculating the curves of magnetization of 
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crystals with cubic symmetry in strong 
magnetic fields. To calculate the magnetiza- 
tion curves for crystals of the hexagonal 
system, this theory was used by Kostianitsyn 
[11]. 


The position of stable equilibrium of a 
vector of spontaneous magnetization in a 
magnetic field will be determined by a minimum 
of the total energy of the crystal U, which, 
with our assumptions (see above), equals the 
sum of the energy of anisotropy U, and the 
energy of the external magnetic field Up, 


U= + 


U, is given by formula (7), and the energy of 
the external magnetic field has the form 


U,, = — HI, cos (8; — 8). 


(10) 


(11) 


Here, 0, is the angle between the vector H 
and the hexagonal axis (see Fig. 1). We 
introduce angle fi = 0, — Q, equal to the 

angle between the vectors of spontaneous 
magnetization and the field H. In strong 
magnetic fields, the angle 8 is small. For 
H+, 0. We substitute U, and Uy, in the 
function of the small angle £ (strong magnetic 
fields) 


2 
=), (12) 


Ux sin® (8, + sin‘ (8, — 8) = 
(13) 


where 


a = (Ux),_9 = sin? 0; +x, sin*®,, (14) 


Sit cos 8, + 
+ 4x, sin*@, cos (15) 


+ 4x, sin? 8, 


From the condition of the minimum of energy 
8+ <8 H1,(1 =o (17) 


we determine the value of the angle f, corres- 
ponding to the position of stable equilibrium 
of the vector of spontaneous magnetization 

for a given value of magnetic field. 


(18) 


(in strong magnetic fields HI, >> |c|). 
For small values of (3 (strong fields) we have 
approximately 


d sin? ~ — 2sin 8, cos 0, (19) 


dsin* ~ — 4sin® cos 0, ds. (20) 


Substituting (19) and (20) in (9) and deter- 
mining df from formulae (15) and (18), we 
obtain an expression for the magnetocaloric 
effect for a cobalt monocrystal, caused by 
the process of rotation 


dT, = (GA + 


p Cols oT 


+ (22) (Ri + Rem) 


where 
P, = 4sin? 9, cos? 


R, = 8sin‘ 8, cos? 8,; 


P, = 8sin‘ 8, cos? 8,; 


R, = l6sin® 8, cos? 9,. 


(In the denominator of formula (21) the 
density p is written, since the specific heat 
for 1 g C_, usually given in the literature, 
must be converted to the specific heat for 

1 cm’, equal to pC .) Thus, formula (21) makes 
it possible to determine to the first approxi- 
mation the value of the magnetocaloric effect 
for a cobalt monocrystal in dependence on the 
value of the applied magnetic field and its 
direction with respect to the hexagonal axis 
of the crystal. With more accurate calcula- 
tions in formula (21), further, higher powers 
of 1/H would appear, the calculation of which 
does not enter into our problem. 


Assuming that the axes of the crystallites 
are equally distributed in space, and assum- 
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ing that there is no magnetic interaction 
among the crystallites, it is possible to ob- 
tain an expression for the magnetocaloric 
effect for polycrystalline cobalt. For this 
purpose, it is necessary to evaluate the 
coefficients Py) Py, Ry, R, for the first and 
second constants for 0, from 0 to 7. After 
evaluation we obtain 


To obtain the value of the effect for finite 
increments in the magnetic field, expression 
(22) must be integrated. After integration 
we obtain (since changes in temperature are 
very small (AT << T) and the dependence of 
ky, On the value of the magnetic 
field is very weak for the temperature range 
under consideration) 


* 


> (23) 


where the value A(T) shows a sharp dependence 
on temperature but does not depend on the 
value of the magnetic field. The temperature 
dependence of A(T) is determined directly 
from T and the temperature relationship of 
the constants of the material p, C,, I,, ky, 
ko. A is the value of the initial magnetic 
field (lying in the region of high fields 
under consideration), from which the measure- 
ment of the magnetocaloric effect begins. In 
the region of fields where the relationship 
(23) holds, the value of H, can be selected 
arbitrarily. 


EXPERIMENTAL 


Experimental studies of the magnetocaloric 
effect were made on a cylinder of cobalt 


(composition according to GOST: Co not less 
than 99.25%; Ni - 0.3%; Fe - 0.2%; Cu - 0.05%) 
of length 25 mm and diameter~ 1 mm. To 
destroy possible texture, the cylinder was 
lightly hammered and then subjected to 
lengthy (12 hours) annealing at a temperature 
of 1109°C in vacuum. As shown by micro- 
structural analysis, no texture is observed 
after the sample has been treated in this 
way. In the thermal treatment, special atten- 
tion was paid to the cooling of the sample in 
the temperature range 600-400°C. In this 
range, the cooling was at an average rate of 
20°C per hour. At temperatures of 460-470°C, 
structural changes take place in cobalt [3]: 
the y-phase (cubic) which is stable at high 
temperatures changes to the hexagonal « -phase. 
However, small inclusions, traces of the 
metastable y-phase apparently remain at low 
temperatures, also [12]. The presence of con- 
siderable amounts of the cubic phase could 
bring about important changes in the magnetic 
properties of the hexagonal cobalt. 


Measurements of the magnetocaloric effect 
were carried out in an apparatus described 
previously [13] and adapted for measurements 
with cylindrical samples. The cobalt cylinder 
was placed in a quartz ampoule, which had a 
hole as exit for the copper-constantan thermo- 
couple, welded to the sample. The quartz 
ampoule with sample was placed, using a 
special holder, in the quartz vacuum vessel 
which was situated between the poles of an 
electromagnet. The nichrome wire of the 
heater was wound on the quartz vessel so that 
the required temperature could be maintained 
in the vessel. The voltage applied to the 
heater was stabilized by means of a ferro- 
resonance stabilizer. The free ends of the 
thermocouple were taken to a KL-48 potentio- 
meter, in the circuit of which was a galvano- 
meter (21/4). At room temperature, the de- 
flexion of the galvanometer was amplified by 
means of a FEOU-15 photoelectro-optical 
amplifier about 8 times. Measurements at a 
temperature of 78°K were made in a Dewar 
flask containing liquid nitrogen. 


When the magnetic field was switched on, 
the temperature of the sample changed, 
causing a deflexion of the galvanometer. The 


27 

| 

1959 

are =—— (Ge) + 

1 1 


The magnetocaloric effect of cobalt 


change in temperature of the sample AT was 
determined from the formula 


where AE is the change recorded by the 
galvanometer in the e.m.f. of the thermocouple 
caused by a corresponding change in temper- 
ature of the hot junction; dE/dT is the 
thermo-e.m.f. of the thermocouple. The sensi- 
tivity of the apparatus was different at 
different temperatures and changed in depend- 
ence on the change in the thermo-e.m.f. from 
2.8 x 107-7 degree/mm at room temperatures up 
to 1.6 - 10-7 degree/mm at T= 750°K. This 
sensitivity made it possible to measure AT 
with an accuracy of not less than 1 x 1077 
degrees. The magnetic field in the gap of the 
electromagnet was measured ballistically. The 
relative error in the measurement of the 
magnetic field did not exceed 3%. 


RESULTS OF THE MEASUREMENT AND 
THEIR DISCUSSION 


Our problem included a study of the 
magnetocaloric effect accompanying the reverse 
process of rotation of the resulting vectors 
in the magnetization of domains. Measurements 
of the magnetocaloric effect were made as 
follows. An initial magnetic field Hy) was 
applied to the sample. The value of A, de- 
creased with increase in temperature, since 
the anisotropy of the crystal decreases with 
increase in the temperature. Application of 
the magnetic field caused a change in the 
temperature of the sample. After a certain 
interval of time, the temperature of the 
sample and of the surrounding medium, became 
equal and the sample acquired the temperature 
of the surrounding medium 7. After this, the 
effect under consideration was measured. The 
magnetic field jumped from Hy to A, (A, > Hy) 
and the corresponding change in the temper- 
ature of the sample AT, was measured. With 
decrease in the magnetic field from H, «to Ho» 
the change in temperature observed was equal 
in value and of opposite sign to the previous 
value. After a certain interval of time, 
necessary to establish thermal equilibrium, 


the magnetic field changed from Hy to A, (H, > 
A, > Hy) and the corresponding change in 
temperature AT, was measured, etc. The change 
in temperature AT is obtained on changing the 
magnetic field from Hy ( which corresponds to 
AT =0) to any value of A, i.e. the curve of 
dependence of AT on H. We made these 
measurements at a number of temperatures from 
78 to 812°K. 


NHS 


525 


ND & 


FIG. 2. The dependence of the 
magnetocaloric effect AT, on 
the value of the applied 
magnetic field A for various 
temperatures. 


Fig. 2 shows curves for the dependence of 
AT on # for various initial temperatures. 
With increase in temperature, as seen in 
Fig. 2, the character of the curves for 
AT(H) changes. At temperatures up to ~ 500°K, 
application of the magnetic field causes cool- 
ing in the sample (and on the other hand, 
decrease leads to heating). At temperatures 
above~ 600°K, when the magnetic field is 
switched on, the temperature of the sample 
increases (conversely, when it is switched 
off, it decreases). In the intermediate range 
of temperatures, at first the sample cools, 
then with stronger fields heating is observed; 
this can be seen in the example of the curve 
for AT(H), taken at 542°K (apparently, if the 
magnetic field is increased still further at 
this temperature, the curve for AT(H) would 
intersect the H axis). 
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This picture of the effect of the magnetic 
field on the temperature of the sample at 
various temperatures, specific for cobalt, is 
explained by the anomalous character of the 
dependence of anisotropy of cobalt on 
temperature (see below). 


The results of our measurements made it 
possible to check the relationship (23), which 
connects the value for the change in 
temperature with the value of the applied 
magnetic field in the region of the process 
of rotation. Since the experimental studies 
were made in a region of sufficiently strong 
fields where, together with the process of 
rotation, real magnetization takes place, it 
is necessary to introduce a correction into 
the experimental data for the heating of the 
sample caused by increase in the magnetic 
field of spontaneous magnetization. This 
correction is small at low temperatures. How- 
ever, it increases with increase in 
temperature. The required value of AT, (the 
change in temperature due to the process of 
rotation) will, apparently, be equal to the 
difference between the experimentally observed 
change in temperature AT and the heating 
caused by increase in the spontaneous magnet- 
ization AT, 

s 


AT, AT—AT 
Ts 


where the value of AT; is calculated from 
s 
formula (4). 


The value dI./d T in formula (4) was de- 
termined from the curve of dependence of the 
magnetic separation of cobalt on temperature 
given in the paper of Myers and Sucksmith 
[14]. 


Before proceeding to a comparison of the 
experimental results with theoretical 
conclusions, some preliminary observations 
should be made. Formula (23) is apparently of 
limited application, i.e. it holds (in the 
first approximation) only in a certain range 
of fields, above a certain "critical" field 
A,. 


We will consider Fig. 3, which gives 
results of our measurements at room temper- 


oersted 


FIG. 3. The dependence of the 
magnetocaloric effect AT, 
caused by rotation in the 
magnetic field of the vectors 
¥ on the value of 1/H at room 
temperature: 


1-the initial field Hy equal 
to 2900 oersted; 2- Hy equal to 
4720 oersted. 


ature. The value of AT, in this diagram is 
given as a function of the reciprocal value 
of the magnetic field 1/H. The first curve is 
the dependence AT,(1/H) for an initial 
magnetic field of 2900 oersted. The field of 
2900 oersted, as can be seen from the diagram, 
was lesg than the critical field H,. The 
linear dependence of AT, on 1/H begins with 
stronger fields. Extrapolation of the linear 


FIG. 4. The dependence of the magnetocaloric 
effect AT,, caused by rotation in the 
magnetic field of the vectors I, on the 
value of 1/H for various temperatures. 
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part of the curve to the 1/H axis apparently 
gives the value of 1/H, -the reciprocal value 
of the critical field. With the initial field 
H, greater than H,, the relationship (23) 
should be completely satisfied, i.e. in the 
co-ordinates (AT,, 1/H), a straight line 
should be obtained over the whole range of 
fields. In fact, as shown in Fig. 3 (second 
line), if the measurements are carried out 
starting with A = 4720 oersted (Ho > Hy), 
then the relationship (23) is satisfied over 
the whole range of fields (from 4720 oersted 
and above). The slope of both lines in Fig.3 
is the same, since it should not depend on 
the value of the initial field A). 


In Fig. 4, the value of AT, is presented 
as a function of 1/H for a number of 
temperatures from room temperature to 636°K 
(up to about the upper temperature boundary 
of existence of the hexagonal phase). As seen 
in Fig. 4, in strong fields there is a linear 
dependence of AT, on 1/H, in accordance with 
formula (23). In weak fields, the experimental 
points differ from the straight line, as 
shown in Fig. 3. In Fig. 4, these points are 
not given. Only the points lying on a straight 
line are given. The deviation from linearity 
in the weak fields is explained by the 
influence of higher powers of 1/H, which 
formula (23) does not take into account. 


In Fig. 5, circles show the temperature 
dependence of the tangent of the angle of 
inclination A (T) of the lines AT,(1/H) to 
the axis 1/H (for the boiling point of liquid 
nitrogen, the tangent of the angle of inclina- 
tion was determined approximately by measur- 
ing AT for change in the value of the mag- 
netic field from 4700 to 7900 oersted). The 
theoretical curve of A(T) is given in this 
diagram. The value of A(T) was determined 
from formula (23) 


p+ Gy {\ 15 105 */\ aT 


+ (Gm (24) 


A(T) =— 


To construct the curve of A(T) from formula 
(24), it is necessary to know the values of 


the constants k,, k,, p, Cy I, and their de- 
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pendence on temperature. The corresponding 
values were taken from literature data: the 
first and second constants of anisotropy from 
the paper of Thomson and Sucksmith [15], 
spontaneous magnetization from the paper of 
Myers and Sucksmith [14], the specific heat 


_ C. from the paper of Umino [16], the density 


vo from the data of Schultze, given in the 
monograph by Bozorth ([3], p. 21). As can be 
seen from Fig. 5, the theoretical curve drawn 
from formula (24) gives a good qualitative 
indication of the character of dependence of 
the magnetocaloric effect of cobalt in the 
field of rotation on temperature. There is 
also good quantitative agreement, especially 
at low temperatures. However, quantitative 
comparisons should be treated with caution. 
The values for the constants of the material 
in formula (24) were measured by different 
authors with different samples of cobalt. 
Furthermore, there is a certain inaccuracy in 
the graphical method for determining derivat- 
ives of the constants of anisotropy with 
temperature. 


The curve of A(T) at a temperature 
of 370°K has a maximum, which is connected 
with the sharp change in the constants of 
anisotropy in this region of temperatures. 
At temperatures of 565°K the curve of A(T) 
passes through zero, i.e. at this temperature 
in cobalt there are no thermal changes due to 
the process of rotation. It can be seen that 
at this temperature the cobalt becomes an 
isotropic material, i.e. the forces of aniso- 
tropy do not prevent the rotation of vectors 
of spontaneous magnetization. Since no work is 
expended in the rotation of vectors of 
magnetization, consequently this process can- 
not be accompanied by a change in temperature 
of the body. L. Pal [17], at about this 
temperature (~ 567°K), detected a minimum in 
the curve of dependence of the differential 
susceptibility in strong magnetic fields on 
temperature. Above 565°K the curve of A(T) 
changes to the region of negative values, i.e. 
above this temperature, for rotation in a 
magnetic field of vectors of spontanecus 
magnetization of domains, the cobalt sample 
is heated. This is confirmed by experiment. 
The curves of AT(H) (see Fig. 2), taken at 
612 and 636°K, show that the application of a 
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magnetic field at these temperatures produces 
heating, which cannot be fully explained as 
heating due to the increase in spontaneous 
magnetization. The value of AT,, obtained by 
subtracting from the measured thermal effect 
AT the values A T, , remains positive, as 


can be seen from Fig. 4. 


T 
| 
T 


| 


= 


degrees, oersted 


200) 


FIG. 5. The dependence of 
the coefficient A on 
temperature: a theoretical 
curve drawn from formula 
(24); -0O- the experimental 
points, determined from the 
tangent of the angle of 
inclination of the lines 
AT, 1/H) (see Fig. 4). 


0 


Hoersted 


400 
7°K 


FIG. 6. Dependence of the 
critical field HA, on 
temperature. The curve was 
drawn in accordance with 
the right-hand side of 
expression (25). The experi- 
mental values of A, are de- 
termined as the points of 
intersection of the lines 
AT, (1/H) with the axis 1/H 
(see Fig. 4). 
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FIG. 7. The effect of the 
€ » y transition on the 
magnetocaloric effect. 


The fact that the heating of the sample on 
the application of a magnetic field above 
565°K (e.g. at 612°K) cannot be explained by 
the possibly inaccurate calculation of the 
effect of the value AT, , is readily seen in 


Fig. 2. The curve of AT(H), taken at 612°K, 
goes much higher than the curve taken at 
812°K. At 812° the cobalt becomes a crystal 
of cubical symmetry with much lower aniso- 
tropy, and, consequently, with a magneto- 
caloric effect AT, which is much lower in 
comparison with the hexagonal cobalt, caused 
by the process of rotation of vectors of 
spontaneous magnetization. The value of AT, 
at such a high temperature, can be neglected 
in comparison with AT, , This can be seen 
s 


from Fig. 2, where the dotted line at 812°K 
was drawn from the thermodynamic formula (4) 
without corrections for the value of AT,. 
That is, at this temperature there is a good 
quantitative agreement of the measured value 
of AT; with that calculated from formula 

$s 


(4). Consequently, it is valid to calculate 
the influence of heating of the sample due to 
increase in the magnetic field of magnetiza- 
tion, as we did for lower temperatures. In 
general, if at 612°K, apart from the heating 
due to increase in the magnetic field I * 
there was no heating due to the process of 
rotation, then the curve of AT(H) should have 
gone below the curve of AT(H) at 812°K, 
since with increase in temperature, the 
magnetocaloric effect, caused by the real. 
magnetization (AT, ), increases. Thus, in- 

s 


crease in the internal energy of anisotropy 
during rotation in a magnetic field of 
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magnetization vectors leads to cooling of the 
sample for temperatures below 565°K, and 
above this temperature to heating. 


This difference in the behaviour of cobalt 
below and above 565°K is due to the specific 
character of the dependence of the anisotropy 
constants of cobalt on temperature. At T= 
525°K, the first constant of anisotropy 
assumes a zero value and further, being 
negative, increases with the absolute value 
of (d|k,|/0T) > 0, This causes a change in 
the sign of A(T), in accordance with formula 
(24) (apparently in this formula it is 
necessary to take the absolute values of ky - 
and k,). The change in sign for the first 
constant of anisotropy means that for cobalt 
at high temperatures there is a redistribu- 
tion of the axes of easy and difficult 
magnetization. The hexagonal axis becomes the 
axis of difficult magnetization, and the 
magnetization in the plane of the base (axis 
of the type 1010, see Fig. 1) the easiest. 
This redistribution of the axes occurs at a 
temperature a little below 525°K for a fixed 
ratio between ky and ko. Change in the 
direction of the axes of easiest magnetiza- 
tion leads to a redistribution of the vectors 
of spontaneous magnetization of domains, 
which will now be orientated along the new 
axes of easiest magnetization. Rotation of 
the vectors in the direction of the applied 
external magnetic field will, as also before 
the redistribution of the axes, increase the 
internal energy of magnetic anisotropy. The 
thermal effect, however, as already mentioned 
above, will have a different sign. This is 
because in the first case (up to = 565°K) the 
anisotropy of cobalt decreases with temper- 
ature (d| k,|/0 T) < 0, and in the second 
case (above 565°K) it increases (0|k,|/0T) 
> 0. Change in the sign of the magnetocaloric 
effect of rotation AT,, not at the temper- 
ature at which there is a change in the sign 
of k,, is explained by the influence of the 
second constant of anisotropy k, which in- 
creases this temperature somewhat. 


As already shown, from considerations of 
models, it can be assumed that increase in 
the internal energy of anisotropy of a 
crystal during magnetization under conditions 


of an adiabatic process should cause cooling 
of the sample. Using cobalt as an example, it 
can be seen that some model considerations 
are insufficient for forecasting the nature 
of the process. More detailed calculations 
are needed which, as shown by experiment, 
provide good support. 


We turn to Fig. 4. The points of inter- 
section of the lines AT,(1/H) with the axis 
1/H give us the reciprocal value of the 
"critical" field H,, starting with which the 
relationship (23) should be satisfied. The 
value of H, depends on temperature, as shown 
by Fig. 6: up to a temperature of the order 
of 540°K it decreases, then again increases 
a little. This dependence of the value of the 
critical field on temperature can be explained 
if we assume that the value of H, is connected 
in a certain way with the value for the energy 
of magnetic anisotropy 


(25) 
I; 


The smaller the anisotropy of the crystal, 
the smaller the field required to start the 
process of rotation. The curve of Fig. 6 was 
drawn in accordance with the right-hand side 
of expression (25). It shows clearly the 
character of the dependence of H, on temper- 
ature. 


In conclusion, we will deal briefly with 
the effect of the «- y-transition in cobalt 
on the magnetocaloric effect. As is well 
known, the lattice of cobalt changes its 
structure at temperatures of 725-735°K: the 
low-temperature densely packed hexagonal 
lattice («-phase) changes to a cubic face- 
centred lattice (y-phase) at these temperatures. 
This transition is accompanied by a change in 
the physical properties of cobalt. On the 
curve of temperature dependence of specific 
heat, a maximum is observed at these temper- 
atures, magnetic saturation increases by 
about 1.5%, etc. We made temperature measure- 
ments of the magnetocaloric effect in the 
region of temperatures of the « + y-transition. 
The increase in temperature AT of cobalt was 
measured for increase in the magnetic field 
from 750 to 7900 oersted. The curve for the 
dependence of AT on T is given in Fig. 7. As 
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can be seen from Fig. 7, for T= 733°K, a 
sharp minimum is observed on the curve of 
AT(T). It is characteristic that a minimum 

is observed, and not a maximum. According to 
[4] this can be explained by the fact that in 
the given region of temperatures, the magnet- 
ization increases with temperature (OI /0T> 0). 
On cooling the sample, the minimum on the 
curve AT(T) is observed at lower temperatures. 
This is caused by the irreversibility of the 

y-transition. 


I would like to thank E.I. Kondorskii for 
a discussion of this work. 


Translated by J. Thompson. 
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THE EFFECT OF CHEMICAL COMPOSITION ON THE TEMPERATURE 
MAGNETIC AGEING OF IRON-COBALT-NICKEL-ALUMINIUM ALLOYS* 
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(Received 28 September 1956) 


In a number of fields, permanent magnets of iron-cobalt-nickel-aluminium 
alloys with increased stability are required. It is known that the 
temperature magnetic ageing of magnets depends to a considerable degree on 
the value of the demagnetizing factor, on the value of the coercive force 
and the type of alloy. The influence of chemical composition has also been 
studied for steels, In particular, studies have been made of the influence 
of cobalt in cobalt steels [1], and the influence of chromium and carbon 
in chrome and carbon steels [2-5]. However, in the literature there are no 
data on the influence of chemical composition on the temperature magnetic 
ageing of permanent magnets of Fe-Co-Ni-Al alloys. 


The aim of the present work was to study the influence of the content 
of Al, Ni, Cu, Co in iron-cobalt-nickel-aluminium alloys and the influence 


of Nb and Ta in alloys of the magnico type on the temperature magnetic 
ageing of permanent magnets, to find the conditions for increasing their 


stability. 


RESEARCH METHODS AND SAMPLES 


The investigation of the effect of 
chemical composition on the temperature mag- 
netic ageing was carried out on samples of 
one size, 15 x 15 x 50 mm, of 8 series of 
alloys. 


In iron-cobalt-nickel-aluminium alloys the 
content of Al varied from 7 to 11% with a Ni 
content of 15% (first series) and Ni 12% 
(second series), the content of Ni varied 
from 12 to 18% (third series); the content of 
Cu varied from 1 to 7% (fourth series); the 
content of Co varied from 9 to 23% with a Ni 
content of 15% (fifth series) and 12% (sixth 
series); in alloys of the magnico type, 
studies were made of the effect of Nb 
(seventh series) and Ta (eighth series). In 
all, 48 compositions were studied, with 2 or 
3 samples of each alloy. The magnetic pro- 
perties of the samples are given in Table 1. 


“Fiz. metal. metalloved. 7, No. 1, 40-47, 1959. 


A study was also made of the influence of 
the value of the demagnetizing factor on the 
temperature magnetic ageing in dependence on 
the chemical composition of the permanent 
magnet alloys. The study was made on samples 
of one cross section and varying lengths with 
l/d in the range from 1.25 to 11 (427 /N = 
from 4 to 78), for 16 different chemical com- 
positions, using 2 samples of each dimension 
and a total of 14 samples of each composition. 


A parallel test was made of the influence 
of the chemical composition of the alloy on 
temperature magnetic ageing in three diffe- 
rent types of magnet assemblies, with magnets 
prepared from 2 different alloys and for 
three assemblies of the same type with 
different values of the demagnetizing factor 
(47 /N = 63; 26; 17), with magnets prepared 
from 8 different compositions. In all, more 
than 30 systems were tested. 


With the series of samples of chemical 
composition varying in content of Al, Ni, Co, 
the value of the coercive force was measured 
at temperatures of - 60 and + 140°. 
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TABLE 1. 


Chemical composition and magnetic properties of alloys 


Magnetic 
properties 


oersted) gauss 


Composition of batch Data of chemical analysis % 
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35 
429 8000 
493 | 11000 
600 | 10800 
535 | 10000 
528 9000 
274 9500 
360 | 12700 
460 | 12500 
500 | 12300 
10 | 12 510 | 11900 
| 12 450 | 11500 
VOL. 12 }12 | 475 | 11500 
4 13 114 20 14,51 615 | 11600 
14 |i6 920 16,4 675 | 11500 
1959 15 | 17 18 17,31 630 | 11000 
16 | 18 18 18,2 615 | 11000 
17 | 13 25 540 | 13100 
18 | 13 25 600 | 13100 
19 | 13 25 595 | 12700 
20 | 13,5 24,5 580 | 12800 
91 | 13.5 24,5 600 | 12800 
92 113.5 590 | 12800 
23 | 13.5 600 12800 
24 | 13'5 630 | 12600 
25 | 14 972 
26 | 14 343 
97 486 
28 | 14 471 
29 | 14 400 
30 | 14 500 
31 | 15 630 | 11700 
32 115 630 | 11700 
33 | 630 | 11500 
34 | 15 610 | 11500 
35 | 15 536 | 11200 
36 | 15 508 | 10800 
37 | 15 444 10500 
38 | 15 250 8500 
39 | 12 12,37| — | 26, 485 | 12500 
Ao | 12 12,36| — | 24, 528 | 12600 
41 | 12 12,26] — |20, 540 | 12900 
42 | 12 12,28] — |21 ; 492 | 12000 
43 | 12 — 1 17. 515 12000 
44 |12 305 | 10600 
45 | 12 185 9700 
46 | 12 160 9600 
47 12 150 9500 
48 | 12 120 9400 
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The investigation was carried out in the 
following way. Before the temperature cycles, 
the samples were magnetized tc saturation 
(the magnetic systems were magnetized in an 
assembled form) at room temperature. In the 
investigation, the flux in the neutral 
section was measured with the magnetic circuit 
open (field strength in the gap in the case 
of the assemblies) for the temperatures: + 20, 
— 60, + 20 and + 20, + 140, + 20°, up to the 
point where the process was reversible. All 
the measurements were carried out on the same 
ballistic apparatus under the same conditions; 
the error of measurement did not exceed 0.5% 
On the graphs the average values are given, 
obtained for the same samples (the results of 
measurements on the same samples differed 
within the limits of 0.5-1.5%). 


To cool the magnets to a temperature of 
- 60°, a cryostat was used with dry ice 
(solid carbon dioxide), for heating to + 140°, 
a thermostat was used. 


During the cyclic changes in the temper- 
ature of the permanent magnets, temperature 
magnetic ageing was observed, which can be 
characterized by 3 parameters of instability: 
irreversible h and reversible a charges in 
the magnetic characteristics (flux in the 
neutral section, field in the gap, etc.) and 
change K of these characteristics under the 
influence of the first cooling or heating: 


290 — oF 
290 


where & vd 200° of are the initial values of 
the flux or other characteristic at 20° and 
at the first cycle of the investigated 
temperature t; OF noni ok are the values of 
the flux or other characteristic at a 
temperature of + 20° and the investigated 
temperature t after a number of temperature 
cycles. 


The temperature coefficient, which is de- 
termined only by the reversible changes a, is 


not sufficient to completely characterize the 
process of temperature magnetic ageing. There- 
fore, to describe the process of temperature 
magnetic ageing the three parameters of in- 
stability given above were used. 


RESULTS 
A. On samples of one size 


In Figs. 1, 2 and 3 there are curves for 
the dependence of the three parameters of 
instability on the chemical composition for 
8 series of samples, differing in the content 
of Al, Ni, Cu, Co, Nb, and Ta. 
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FIG. 1. a-e. The influence of the chemical 
composition of alloys on the value of the 
parameter K for cyclic changes in the 
temperature + 20, — 60°C (O — A) and + 20, 
+ 140°C (@— A) on samples of 1 size (15 x 
15 x 50 mm). 


Fig. 2 gives curves (dotted) character- 
izing the general nature of change in coercive 
force with change in the chemical composition 
of samples (in Fig. 1 the value of the 
coercive force is shown by figures near the 
corresponding points of the curve). 


From the curves given in Figs. 1, 2 and 3 
it can be seen that the influence of chemical 
composition is relatively greater in the 
cooling of the samples from + 20 to - 60°, 
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than in the heating from + 20 to + 140°. The 
parameters K and h are the most sensitive to 
change in chemical composition. The values of 
reversible changes a vary within smaller 
limits. 


The shape of the curves for parameter K 
(Fig. 1), irreversible change h and coercive 
force (Fig. 2), shows that a change in the 
chemical composition of the alloy for one of 
the elements has a considerable influence on 
the temperature magnetic ageing of permanent 
magnets, independent of the value of the 
coercive force at room temperature (this does 
not exclude the influence of the coercive 
force on the stability of samples of one 
chemical composition). Thus, the value of the 
coercive force with a change in the Al content 
from 11 to 9-8% for samples of both the 12 
and 15% Ni series increases to 500-600 
oersted, and with further decrease in content 
of Al to 7.0-7.5% decrease sharply to 270- 
420 oersted, whereas the stability of the 
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alloys continuously increases, i.e. there is 
a decrease in the absolute value of all three 
parameters, e.g. irreversible change from 22 
to 3% for the series with 12% nickel for the 
cycles + 20, — 60° (Figs. la, 2a, 3a). 


Nb and Ta in the magnico alloy, although 
they increase the coercive force, decrease 
the stability, as does aluminium, for all 
three parameters (Fig. 1c, 2c, 3c). 


With an increase in the content of Co, the 
coercive force increases and the parameter X 
and irreversible change h decrease in absolute 
value for the cycles + 20, + 140°, but in- 
crease for the cycles + 20, — 60°. The para- 
meter K even changes sign-in alloys with low 
Co content (A,~ 120 oersted) in the first 
cooling, there is an increase in the flux up 
to 2%, whereas in alloys with high Co content, 
despite the high coercive force (H, 500 
oersted), there is a fall of up to 12% 
in the flux (see Figs. le, 2e). 


He 


500 


7 4 | 16 18} 20 | 24 |\%lo 200 


22%Ni 


FIG. 2. a-e. 


(15 x 15 x 50 mm). 


The influence of the chemical 
composition of alloys on the value of the 
irreversible change in the flux in the 
neutral section (h) for cyclic changes in 
temperature + 20, — 60°C (0 - A) and + 20, 
+ 140°C (@ — A) for samples of 1 size 
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Ni and Cu increase the stability. With an 
increase in the content of Ni, the coercive 
force increases, and for the cycles + 20, 

— 60° the parameters A and K decrease (their 
absolute value) and even change sign; there 
is an irreversible increase in the parameter 
h (for 17-18% Ni). In the first cooling, the 
flux for the samples containing 16-18% Ni 
increases by 1-3%, whereas for samples with 
12% Ni the flux decreases by 13% (Figs. 1b, 
2b). It is interesting to observe that even 
for samples with the same value of the 
coercive force (615 oersted), containing 14 
and 18% Ni, the irreversible changes in h and 
the parameter K have a different sign. 


Increase in the content of Ni for the 
series of samples with different contents of 
Co and Al also increases the stability: the 
samples with 15% Ni are relatively moie 
stable than samples with 12% Ni (Figs. la, 
le, 2a, 2e, 3a, 3e). 


demagnetization, were subjected to cyclic 
changes in temperature. The field intensity 
was measured in the gap. The results of the 
test show clearly the importance of chemical 
composition for the value of all three para- 
meters of instability (Fig. 4). 


Of considerable interest are the results 
of measurements of the coercive force at 
temperatures of + 140 and - 60°, carried out 
for five series of samples with different 
contents of Al, Ni and Co. The results of the 
measurements are given in Fig. 5, which 
presents curves for the relative change in the 
coercive course at temperatures of — 60 and 
+ 140° (the coercive force of the sample at 
a temperature of + 20° was taken as 100%). 
Comparing these curves with curves for 
irreversible change h (Fig. 2a, 2b, 2e), it 
can be seen that the general character of the 
curves of parameter h correspond qualitatively 
to the general character of the curves with 
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FIG. 3. a-e. The influence of the chemical 
composition of alloys on the value of 
reversible changes in the flux in the 
neutral section (a) for cyclic changes in 
temperature + 20, — 60°C (O— A) and + 20, 
+ 140°C (@- @) for samples of one size 


(15 x 15 x 50 mm). 


The influence of the chemical composition 
was also testeu directly on three types of 
magnetic assemblies, the magnets of whith 
were prepared from two alloys of different 
compositions. After magnetization to satura- 
tion in the assembled form the magnetic 
assemblies, without preliminary ageing by 


respect to change in the coercive force at a 
temperature of + 140 and — 60°, independent 
of the fact that the coercive force increases 
or decreases at a negative or positive 
temperature. Thus, for example, with the 4 
series of samples with different contents of 
Al and Co (Figs. 5a, 5c, 2a and 2e), the 
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FIG. 4. a-c. The influence of chemical 
composition of the alloy on the relative 
change in intensity of the magnetic field 
in the gap for assemblies of different 
types with cyclic changes in temperature: 
+ 20(x), — 60(0), + 20(x), + 140°C(e). 


izing or submagnetizing action of internal 
fields with change in temperature, with the 
form, dimensions and distances between 
segregations of the ferromagnetic phase. 


B. An investigation with samples having 
varying values of the demagnetizing 
factor 


It is known that the demagnetizing factor 
affects the stability of magnets. According 
to the data of Gumlich [2] with decrease in 
the demagnetizing factor, there is a decrease 
in the absolute value of the temperature 
coefficient of chrome steel. The results of 
our investigations also show that all three 
parameters of instability change to a con- 
siderable degree with increase in the de- 
magnetizing factor and that for various 
chemical compositions of Fe-Co-Ni-Al alloys 
the character of these changes remains the 
same (Fig. 6, a-c). More than 16 compositions 
were studied, and the curves obtained have 
the same character as those given in Fig. 6 
for three compositions. 


12 %Né 


18 20 22 24% 2 


FIG. 5. a-c. The relative change in the 
coercive force for temperatures of — 60°C 
(o — 4) and + 140°C (e — 4) depending on 
the change in chemical composition of the 
alloy with respect to Al, Ni and Co. 


relative change in the coercive force in the 
range of temperatures from — 60 to + 140° is 
much greater for the series of samples con- 
taining 12% Ni than 15% Ni, which corresponds 
qualitatively to a relatively larger change 

in the parameter h for the cycles + 20, - 60° 
and + 20, + 140° for samples with 12% Ni. 
Apparently, this fact shows that these and 
other changes are caused by the same processes, 
possibly connected with increasing demagnet- 


The changes in the parameter K show that 
on cooling to — 60°, there is an increase in 
the flux in the neutral section only for 
samples with a relatively small demagnetizing 
factor; with increase in the demagnetizing 
factor, the first action of the low temper- 
ature is to cause a drop in the magnetic flux 
of from 0.5 to 15% and greater, depending on 
the chemical composition (Fig. 6a). With re- 
peated cooling in the majority of cases, an 
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increase is observed in the magnetic flux, 
which can be determined from curves of the 
parameter a. The greater the demagnetizing 
factor, the smaller the increase in flux with 
repeated cooling, and with a very large de- 
magnetizing factor, a decrease in flux can 

be observed during repeated cooling (after 
the intersection of the curves of parameter a 
with the abscissa axis). This was observed 
for five samples: for one sample with l/d = 
2.9 and coercive force 405 oersted; for four 
samples with 1/d = 1.7 and coercive force 595, 
408*, 255*, 535 oersted for three compositions. 


- On heating to + 140°, the drop in the flux 
decreases with increasing demagnetizing factor, 
and for large values of the demagnetizing 
factor, an increase can be observed in the 
flux for repeated heating (Fig. 6c). 


The irreversible changes show a change in 
their absolute value as the demagnetizing 
factor increases (Fig. 6b). 


The absolute values of the reversible 
changes decrease with increase in the de- 
magnetizing factor and reach zero for diffe- 
rent values of l/d for various samples (Fig. 
6c). 


The dependence of the parameter a or the 
value of the temperature coefficient on the 
value of the demagnetizing factor is the 
reverse of the dependence obtained by Gumlich 
for chrome steel. For Fe-Co-Ni-Al alloys, the 
absolute value of the temperature coefficient 
decreases with increase in the demagnetizing 
factor, whereas for chrome steel it increases. 


The results obtained for magnetic assemblies* 
agree with the results obtained for bar 
samples, differing only in that for the same 
values .of the demagnetizing factor, the para- 
meters of instability for the assemblies are 
somewhat greater in absolute value. 


* The samples were not subjected to thermal 
treatment. 


** The magnetic assemblies were studied by 
R.S. Bobrovskaia. 
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FIG. 6. a-d. The influence of the demagnet- 
izing factor on the parameter K, and on the 
irreversible h and the reversible a changes, 
depending on the chemical composition of the 
alloys (a, 6, c); d- the value of the coercive 
force of the samples. 


This dependence of the three parameters of 
instability on the value of the demagnetizing 
factor for the samples of Fe-Co-Ni-Al alloys 
is possibly caused by the mutual action of 
the external demagnetizing field of the sample 
and the demagnetizing (or submagnetizing) 
influence of the internal fields, the action 
of which decreases or increases with increase 
or decrease in temperature. 


SUMMARY 


1. The chemical composition of the Fe-Co- 
Ni-Al alloys has a strong effect on the 
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temperature magnetic ageing of permanent 
magnets, apart from the dependence on the 
value of the coercive force at room temper- 
ature. 


2: Of the elements studied, the largest 
effect on the temperature magnetic ageing is 
shown by Al and Ni. With increase in the 
content of Al in the alloy, the stability of 
the magnets decreases, with increase in the 
Ni content it increases. 


3. Changes in the chemical composition of 
the alloys have the greatest effect on the 
temperature magnetic ageing during cooling. 


The parameters of instability K and h are the 


most sensitive to changes in chemical con- 
position. 


4. In the range of temperature investigated, 


a qualitative connexion is observed between 
the character of the dependence on composi- 
tion of the irreversible change hA and the 
total relative change in the value of the 
coercive force. 


5. The demagnetizing factor has a consider- 


able effect on temperature magnetic ageing. 
The character of the change in all three 

parameters of instability with the value of 
the demagnetizing factor is independent of 
chemical composition: irreversible change h 


and the parameter K increase, reversible 
changes a decrease, with respect to their 
absolute value with increase in the demagnet- 
ising fgctor. 


The demagnetizing factor of magnetic systems 
with the greatest stability should correspond 
to the point of intersection of the curves of 
parameter a with the abscissa axis or with 
one another, depending on the requirements. 

The working point of these systems will not 
be at the optimum. 


Translated by J. Thompson. 
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THERMOCOUPLE" 


To determine the temperature of the work- 
ing part of the instrument in the cutting of 
metals, extensive use has been made of the 
so-called "natural thermocouple". In this 
method the temperature is determined from the 
value of the thermo-e.m.f. developed in the 
thermocouple, the elements of which are the 
cutting tool and the article. The point of 
contact of the cutting tool with the article 
is taken as the hot junction of the thermo- 
couple. 


The physical nature of the natural thermo- 
couple has not yet been clarified to any large 
extent. In particular, it has not been decided 
to what extent thermo-e.m.f. of the thermo- 
couple depends on structural changes which 
might occur in the mterial of the cutting 
tooi or article under the action of the heat 
of cutting and temperature, to what extent 
the readings of the thermo-e.m.f. are stable 
in work with unchanged conditions of cutting 
and to what extent the thermo-e.m.f. in general 
depends on the elements of the natural thermo- 
couple, the cutting tool and the article. 


Of considerable importance is the question: 
does the thermo-e.m.f. change in dependence 
on the character and type of thermal treat- 
ment of the instrument, since in the case of 
such change and the setting up of the corres- 
ponding regularity, it would be possible to 
set up a rapid method for controlling the 
quality of the thermal treatment of the 
instrument. 


The aim of the present work was to study 
the dependence of the thermo-e.m.f. of a 


metal. 
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natural thermocouple on the type of thermal 
treatment of the quick-cutting steel P18, and 
also the effect of duration of soaking at 
temperatures of 500-600° on the stability of 
the thermo-e.m.f. of normally treated steel 
P18. 


Also very important is the question of how 
stable is the specific heat of the quick- 
cutting steel on heating to a temperature 
developed in the cutting zone, and with 
changes in the system by thermal treatment. 


RESEARCH METHODS AND MATERIALS* 


To measure the thermo-e.m.f., the apparatus 
shown in Fig. 1 was used. The thermo-e.m. f. 
was measured of natural thermocouples, con- 
sisting of P18 steel after appropriate 
thermal treatment and of one of three metals: 
copper, pearlite iron, St.5. 


The lower ends of the samples in the form 
of a disk were covered by an electrically 
insulating layer of asbestos, except for 
the small contact sections, and put into a 
crucible containing Wood’s alloy or tin. The 
fused metal heated the ends of the samples to 
the required temperature and established 
electrical contact between the uninsulated 
parts of the sample. The temperature of the 
hot junction of the thermo-element formed in 
this way was controlled by the thermocouple, 
put into the crucible together with the 
samples. The dimensions of the crucible en- 
sured uniformity in the temperature of the 
metal in the central part of the crucible. 


* M.Ia. Fuks and L.Ia. Gol’dshtein took part 
in the experimental work. 


Structural changes in high-speed steel 


The cold junctions of the thermo-element 
were the contacts of the samples with the 
copper connecting wires, made through mercury 
placed in cylindrical depressions in the 
samples. The latter ensured good electrical 
contacts and the possibility of exact measure- 
ment of temperature of the cold junctions by 
means of thermocouples. At the upper ends of 
the samples were coolers, through which cold 
water circulated. These coolers were electric- 
ally insulated from one another and were 
connected to the water supply by means of 
long thin tubes, which ensured a high ohmic 
resistance separating them. 


The thermal treatment was carried out with 
several variants, shown in Table 1. The sub- 
sequent thermal soakings of the samples, with 
which studies were made of the stability of 
the thermo-e.m.f. and hardness, were at 
temperatures of 500, 550, 570 and 600°. Each 
soaking lasted 1 hr, the cooling was in air. 


RESULTS 


At 400° the thermo-e.m.f. of tempered P18 
steel coupled with St.5 is 2.15 mV and coupled 
with iron -5.6 mV. After quenching, a consider- 
able decrease is observed in the thermo-e.nm. f. 


FIG. 


Apparatus for measuring the thermo- 


e.m.f.: 


1 - potentiometer; 
accumulator; 


4-mirror galvanometer; 


2-normal Weston cell; 3- 


5 - Dewar 


flask for the cold junction of the thermo- 


couple; 6- switch; 
samples under test; 


crucible with low-melting metal; 
12-thermal insulation; 


heater; 


7-water coolers; 8- 
9-textolite base; 


10- 
11- electrical 
13 - thermo- 


couple to measure the temperature of the hot 


junction; 


temperature of the cold junctions; 
16- mercury contacts; 


ing cement; 
wires. 


The thermo-e.m.f. was measured by the com- 
pensation method, using a potentiometer with 
scale graduated in 0.01 mV and a mirror 
galvanometer. The readings were taken during 
slow heating or cooling of the hot junction. 


Determination of the specific heat of the 
P18 steel samples was by the method of Gruzin- 
Sykes [1]. The material for the investigation 
was P18 steel of composition: 0.75% C; 18.3% 
W; 4.57% Cr; 1.55% V; 0.3% Mo. 


14- thermocouple to measure the 


15 - pack- 
17 - copper 


at temperatures up to 500°; at 300-400° this 
decrease when coupled with St.5 reaches 0,3- 
0.4 mV (Figs. 2,3). Brief heating of the 

hardened sample to 400-500° has very little 


effect on its thermo-e.m.f. (curves 2 and 2 

in Fig. 3). However, after the first tempering 
at 560° for 30 min there is a considerable in- 
crease in the thermo-e.m.f., (compared with 
iron, St.5, copper) - by about 0.5 mV at 400°; 
the hardness remains practically unchanged. 
The second and third tempering at 560° hardly 
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TABLE 1. 


Variants of the thermal treatment 


Type of thermal treatment 


Hardness 


Annealing at 860-870° 
(soaking - 1 hr, cooling - with furnace) 


260-280 Hp 


Norma] 


Quenching from 1280° in oil 


63-64 Hp 
c 


treatment 


Triple tempering - at 560° 
(soaking for 30 min, cooling in air 


62-64 Hp 
c 


"Imperfect" treatment 
(quenching from 1100° in oil, tempering at 
180-200°, soaking for 1 hr, cooling in air) 


60-62 H 
R. 


change the values of the thermo-e.m.f. ob- 


tained after the first tempering. Consequently, 


changes in the structure of steel, causing an 
increase in the thermo-e.m.f., mainly occur 
during the first tempering at 560°. The well- 
known differences in their structure corres- 
pond to the difference in the thermo-e.n. f. 
of hardened and hardened and tempered P18 
steel. 


Thermo-e.m.f. (mV) 
5 T 


300 500 850 
7, °C 
FIG. 2. The thermo-e.m.f. of samples of P18 
steel compared with St.5: 


1- tempered; 2- hardened; 3- hardened and 
triple-tempered; 4- hardened and triple- 
tempered after a tenth sodking at 550°. 


On heating to 400°, the thermo-e.m.f. of 
the hardened and triple-tempered (at 560°) 
samples coincides approximately with the 
thermo-e.m.f. of the tempered samples. The 
noticeable difference between these samples 
arises at higher temperatures of heating (see 
Figs. 2,3). Of importance is the fact that 
starting with temperatures of about .500° for 
thermocouples "P18 steel - St.5" and "P18 steel 
-iron" a considerable slowing-down is observed 
in the increase of the thermo-e.m.f. (see 


Thermo-e.m.f. (mV) 
2.9 


ast 


300 500 700 650 

FIG. 3. The thermo-e.m.f. of samples of P18 
steel compared with copper. The numbering is 
the same as in Fig. 2. 
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Fig. 2). This means that with the onset of 
intense wearing of the cutting tool, the small 
growth in the thermo-e.m.f. of the " natural 
thermocouple" can be accompanied by a consider- 
able increase in the temperature of the 
cutting zone. 


For the thermocouple "P18 steel - copper" a 
maximum is observed on the thermo-e.m.f. - 
temperature curve in the temperature region 
500-550° (see Fig. 3). A maximum was also 
observed on the thermo-e.m. f.-temperature 
curves for the thermocouples: Fe-Ag and Fe-Mo 


[2]. 


The experimental results show that the 
thermo-e.m.f. of samples with "imperfect" 
treatment is close to the thermo-e.m.f. of 
normally treated samples on heating to 500°. 
The hardness is also the same, but the dura- 
bility of the cutting tools is much less after 
imperfect treatment. Tempering at 550° (soak- 
ing for 1 hr) had very little effect on the 
thermo-e.m.f., although the hardness was 
lowered somewhat (by 3-4 units of R,). Thus, 

a reliable treatment of cutting tools of P18 
steel cannot be provided by measuring the 
thermo-e.m.f. However, the rejection of 
hardened cutting tools and cutting tools after 
hardening. and tempering, having the same hard- 
ness, is made possible by the thermo-e.mn.f. 
method, since the difference in the thermo- 
e.mu.f.s reaches 0.5 mV. 


At 500° and lower temperatures, multiple 
soakings (up to 10 hr) have very little effect 
on either the hardness of the thermo-e.n.f. of 
P18 steel. No noticeable changes were observed 
in the thermo-e.m.f. with soakings at 550° 
(Fig. 4). The hardness of samples after ten 
soakings at 550° decreased by a very small 
amount - by 1-2 units of Re 


Further isothermal soakings at 570 and 600° 
were carried out for samples tested at 550°. 
At a temperature of 570°, the thermo-e.nm. f. 
did not change but the hardness decreased by 
one unit of Ro after six soakings. After soak- 
_ ing at 600°, a considerable decrease in hard- 
ness was observed (to 52 R-), which is ex- 
plained by the decomposition of the martensite. 
The start of decomposition of the martensite 


is also indicated by a certain narrowing in 
the lines on the X-ray diagrams of samples 
after soaking at 600°, compared with the same 
lines on the X-ray diagrams on samples which 
had not been subjected to heating to 600°. 
However, after these thermal soakings the 
thermo-e.m.f. remains unchanged and conse- 
quently does not show changes in the structure 
and hardness of P18 steel. Thus, the diffe- 
rence observed in the thermo-e.m.f. was 
caused by a difference not in the phase com- 
position of the steel, but in its submicro- 
structure (internal microstresses probably 
have some effect). 
Thermo-e.m. f. (mV) 


400° 


No. of soakings 
(for 1 hour) 


FIG. 4. The thermo-e.m.f. 
at 200, 300, 400 and 450° 

of normally treated samples 
of P18 steel after different 
numbers of isothermal soak- 
ings at 550° (compared with 
copper). 


The specific heat which we measured for 
normally treated quick-cutting P18 steel was 
practically unchanged with increase in temper- 
ature (at least up to 500°). Therefore, if an 
increase in temperature is observed during 
the cutting of metals, it is caused by an in- 
crease in the amount of heat given out, and 
not by a decrease in the specific heat of the 
material of the cutting tool of quick-cutting 
steel. 


SUMMARY 


1. In the range of temperatures 20-800°, 
the thermo-e.m.f. of a natural thermocouple 
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changes continuously (without jumps) for 
various types of preliminary thermal treatment 
of P18 steel. At a temperature of ~ 550°, the 
curves for the thermo-e.m.f. of the natural 
thermocouples: "P18 steel - St.5" and "P18 
steel - iron" suffer a noticeable slowing down 
in the increase of thermo-e.m.f. with temper- 
ature, and the curve for the thermo-e.m.f. of 
the thermocouple "P18 steel - copper" has a 
maximum at~ 500-550°. 


2. Up to a temperature of 500°, the thermo- 
e.m.f. of hardened steel is less than that of 
tempered steel. After tempering of steel 
hardened from 1280°, the thermo-e.m.f. in- 
creases; the number of temperings at 560° has 
very little effect on the thermo-e.m.f. The 
thermo-e.m.f. and hardness of normally treated 
P18 steel remains stable on heating to a 
temperature of not more than 580°. Heating at 
600°, not affecting the thermo-e.m.f., de- 
creases the hardness (to 52 Hp ). After "im- 


perfect" (hardening from 1100°° tempering at 
180°) and after normal (hardening from 1280°, 
tempering at 560°) thermal treatment, the 
thermo-e.m.f. and hardness have practically 
the same values. 


Thus, control of the quality of the thermal 
treatment of cutting tools by the method of 
the thermo-e.m.f. is not effective in the 
general case, but can be used in a particular 


case - to detect hardened but not tempered 
cutting tools. 


3. Structural changes occurring at the 
wearing zone of cutting tools of P18 steel, 
have little effect on the thermo-e.m.f. at 
high temperatures - up to 800°. 


On increasing the temperature to 500°, the 
specific heat of normally treated quick- 
cutting P18 steel remains practically un- 
changed and therefore cannot introduce size- 
able errors into the readings of the natural 
thermocouple. 


4. In view of this investigation, the 
method of the natural thermocouple can be 
considered to have an experimental basis. 
However, above ~~ 550° the sensitivity of this 
method decreases noticeably. 


Translated by J. Thompson, 


REFERENCES 


1. P.L. Gruzin, Zav. lab. 7, 1266 (1938). 


2. Ia.G. Dorfman and I.K. Kikoin, Fizika 
metallov (The Physics of Metals) Gostek- 
hizdat (1934). 


THE ACTION OF DEUTERON BOMBARDMENT ON — ELECTRICAL 
RESISTANCE OF THE ORDERING ALLOYS NI FE,AL 
AND THE AGEING ALLOY FE- hae 


M.A. ARTSISHEVSKII, S.S. 


and Ia. P. 


VASIL’ EV, G.V. KOSHELIAEV 
SELISSKII 


The Institute of Precision Alloys TsNIIChM 
The 2nd Physical Research Institute of the Moscow State University 


(Received 27 May 1957) 


The effect was studied of radiation by 
deuterons on the electrical resistance of the 
ordering alloys Ni,Fe and Fe,Al and an ageing 
alloy with 35% Ni, 4.5% Ti, remainder Fe. The 
bombardment was carried out with a beam of 
deuteronsof energy 4 MeV from a cyclotron. 

The thickness of the samples was 20-30 pn, 
which ensured reaction between the deuterons 
and the lattice atoms throughout the whole 
bulk of the sample. To obtain the initial 
state, the samples were subjected to different 
types of thermal treatment. The ordered state 
of the Ni,Fe alloy was obtained by stepwise 
cooling in the course of two weeks, starting 
with a temperature of 550°, and of the alloy 
Fe,Al by cooling at a rate of 25°/hr over the 
range 550-250°. The disordered state in the 
alloys Ni.Fe and Fe.al was achieved by quench- 
ing from 850°. Ageing of the alloy Fe-Ni-Ti 
was achieved by a 4 hr soaking of cold de- 
formed samples at 700°; this alloy was quench- 
ed from 1000°. All types of thermal treatment 
were carried out in a high-vacuum furnace. 


The electrical resistance was measured by 
means of a potentiometer. The samples were cut 
out of cold-rolled strip by means of a special 
stamp. In view of the small dimensions of the 
sample, the potential and current leads and 
its working part were all in one piece. 


After measuring the electrical resistance 
in the original state, the samples were fixed 
in an adaptor, cooled with running water. The 
adaptor was in a fixed position on a holder 
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fastened into the tube which led the beam 
from the cyclotron. The current density 
during radiation did not exceed 1, A/cm’. 
The temperature was measured with a copper- 
constantan thermocouple, the hot junction of 
which touched the surface of the sample at a 
distance of 3 mm from the zone of radiation. 
During radiation, the temperature of the hot 
junction did not exceed 40°. 


Tables 1 and 2 show the comparative change 
in the electrical resistance of FeAl and 
Ni,Fe alloys, caused by radiation with diffe- 
rent integral streams of deuterons On radia- 
tion of an annealed FeAl alloys, the 
electrical resistance increases considerably, 
and for a quenched alloy decreases. Bombard- 
ment of the Ni,Fe alloy in the annealed and 
quenched states causes a considerable decrease 
in the electrical resistance with increase in 
the integrated flux. It should be observed 
that in all cases, radiation fluxes of up to 
5 x 104° deuterons cm* causes a sharp decrease 
in the electrical resistance. With further 
increase in the flux, the rate of change of 
electrical resistance falls. 


The effect found in the Fe-Ni-Ti alloy 
only exceeds by a small amount the error in 
measuring the electrical resistance. However, 
in this case, the sign of the change in 
electrical resistance depends only on the 
initial state of the sample (Table 3). 


The change in the electrical conductivity 
of Ni,Fe and FeAl alloys due to bombardment 
may be connected with the formation of 
specific radiation damage, with change in the 


Electrical resistance of ordering alloys 


TABLE 1. Change in the electrical conductivity of Fe,Al alloy in dependence 
on the intensity of radiation by a stream of deuterons 


R,-R R,-R, 


Ordered 
» 
» 
» 
Disordered 
» 


» 


TABLE 2, Change in the electrical conductivity of Ni,Fe alloy in dependence 
on the intensity of radiation by a stream of deuterons. 


Table! Ri A 
Nos. | Initial state Ri, 


Ordered 


—12,7 
—13,2 
—21,5 
—21,5 

—9.3 
—-10.7 
-—21.1 
—26.4 


» 

» 
Disordered 

» 


» 


i 
2 
3 
4 
5 
6 
7 
8 


» 


TABLE 3. Change in the electrical conductivity of the alloy H35 T5 (35.4% Ni; 
4.45% Ti) in dependence on the intensity of radiation by a stream of deuterons 


Table Initial Ro. Ri, Ri“Ro Re, ,, 
Nos. state 


Aged 
» 
» 
» 
Hardened 
» 


» 


onr nar WH — 


48 
Nos. 
1 0.213] 1- | 0.213 0 
2 0.212} 1- 10'§ |0.210] —0.9 
3 0.225] 5- 10'§ 10.254] 412.9 
4 0.294/ 5- 10.336) 414.4 | 1- 10'7 10,348] 418.3 
5 0.304} 1- 10' 10.996] —2.5 
6 0.448] 5 10.375] —16,3 
7 0.404} 5-10'§ |0.359} —11.1 | 1-10'7 |0,337} —16.3 
7 
0.126] g- 10'6 0.195 | 12,0" 0.110| 
0.117] 10'§ |0.117 0,0 | 29 | 0.102 
0.116] —15.5 | 19 :10'7 |0.091 
0.112] | 0.088) —2I 1} 10!7 | 0,087 
0.150] —0.7 | 27 | 0.136 
0.150] 10'© }0,149| —0,7 | 29 | 0,134 
0.142] 10'® |0.113) —20,4 |! 10'7 | 0,112 
| 0.348 | 5- }0.338 | —2,9 | 
0.321, | 5- |0.315 | —2,0 
0,340 | 5- 10'§ |0.338 | —0.6 | 1-10'7 10.332 | —2,3 
0,338 | 5- —I.1 | 1- 1¢'7 |0,332,} —1.6 
0.444,| 5- |0.451 | +1.5 
0.426, | 5- |0.432 | +1.3 
0.415 | 5-10'§ |0,404 | 42,2 | 1-10'7 |0.422 | 41.7 
> 0.454,| | 1.40'7 |0.454 | 42.1 


Electrical resistance of ordering alloys 


degree of order of the alloys and with change 
in the Debye characteristic temperature [1]. 


Seitz, Brinkman, Ozerov and others proposed 
a number of models of radiation damage and 
made the appropriate calculations [2]. However, 
their models did not receive sufficient ex- 
perimental support. 


A comparison of the resuits for the measure- 
ment of the electrical resistance of Fe-Ni-Ti 
and Ni,Fe alloys after bombardment shows that 
the most probable effect of radiation in the 
case of Ni,Fe is change in the degree of 
order. 


bombardment. A number of workers obtained 
similar results for the neutron bombardment of 
Cu,Au alloy in the hardened state [3]. 


Rather surprising is the considerable decrease 
in the electrical resistance of Ni.Fe alloy in 
the annealed state. However, it should be 
remembered that the degree of order achieved 
in this alloy due to slow cooling corresponds 
to the equilibrium value at a temperature of 
250-300°, and in the process of bombardment 
possible further increase in the degree of 
order. Similar results were obtained for small 
fluxes of neutrons in Cu,Au alloy at 80°. In- 
crease in the fluxes caused disordering of 


-40 
FIG. 


of Fe, 


1. Change in the electrical resistance 
Al alloy on annealing at 250°C. 


1- annealed not irradiated; 2 - quenched 
irradiated; 3- annealed irradiated; 4- 
quenched not irradiated. Quenching from 


1000°C, 


Since, during the processes of ordering in 
the Ni,Fe and FeAl alloys, the electrical 
resistance decreases, it is probable that 
ordering of the Ni,Fe alloy takes place during 


Temperature 


FIG. 2. Change in the electrical resistance 

of Ni,Fe alloy during annealing. 

1- annealed irradiated; 2- quenched irradiated; 
3 - annealed not irradiated; 4 - quenched not 
irradiated. Quenched from 1000°C. 


the alloy [4]. 


In considering the effect of radiation on 
Fe,Al, it should be remembered that ordering 
in Fe,Al alloy proceeds much more quickly 
than in Ni,Fe and the degree of order obtained 
due to thermal treatment is probably much 
higher than in the case of Ni,Fe. It is 
possible that due to bombardment of quenched 
and annealed Fe.Al alloys, some intermediate 
degree of order is obtained, since it is 
difficult to believe that radiation has such 
a different effect on the Debye temperature 
of annealed and quenched FeAl samples. 


After irradiation, the samples were 
annealed at different temperatures. The re- 
sults of the measurements are given in Figs. 

1 and 2. In the case of Fe,Al, the shape of 
the curves for the electrical resistance of 
irradiated samples, annealed at 250°, supports 
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the hypothesis of an intermediate degree of REFERENCES 

order being achieved due to the bombardment. 

In the annealing of Ni,Fe, the time of soak- 

ing for the samples at corresponding temper- 1. D.B. Rosenblatt, R. Smoluchowski and G. J. 
atures was apparently not sufficient to Dienes, J. Appl. Phys., 25, No.8 (1955). 
achieve equilibrium. The character of the 

change in electrical resistance of the 


irradiated quenched sample is close to the 2, Kinchin Pease, of 


change in electrical resistance of a non- : 5; 

irradiated annealed sample. The electrical 
resistance of an irradiated annealed sample 

begins to increase at lower temperatures and 

at a higher rate. 3. 


J.W. Glen, Advances in Physics, 4, No.15 
(1955). 
With tempering of the Fe-Ni-Ti alloy no 
important difference was found in the be- 
haviour of irradiated and non-irradiated 


samples. 4. H.L. Glick, F.C. Brooks, W.F. Witzig and 


W.E. Johnson, Phys. Rev., 87, No. 6 
Translated by J. Thompson, (1952). 
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INVESTIGATION OF THE STRUCTURE OF THE HIGHLY 


COERCIVE ALLOY FE-NI-AL-Cu* 


I.N. BARUTKIN and B.Ia. 


PINES 


Kharkov State University 


(Received 17 May 1957) 


By studying the form of the very broad line of the (3 phase observed near 
the line of the B, phase in the X-ray photograph of the heat treated alloy 


Fe-Ni-Al-Cu (55.9 per cent weight Fe, 


25 per cent weight Ni, 


14.5 per cent 


weight Al; 4 per cent weight Cu) it is shown that the high values for H. of 
this alloy are conditioned by the highly disperse state of the ferromagnetic 
B phase the particles of which are embedded in the weakly magnetic B, phase 
and are virtually magnetically isolated. 


1. The highly coercive alloys of the 
system Fe-Ni-Al (also containing admixtures 
of Co and Cu) are highly sensitive to heat 
treatment. Quenched specimens of these alloys 
dissociate on tempering forming two body 
centred cubic phases fi and B, (the f phase is 
close in composition to pure iron, the B, 
phase is an ordered solid solution of Fe in 
Ni-Al [1]). The high values of the coercive 
force A, in these alloys are obtained at an 
intermediate stage in the dissociation; the 
higher values for the coercive force are 
attained not after quenching and tempering 
but as the result of cooling from the 
temperature where the homogeneous solid solu- 
tion exists (1000-1300°C) at a certain rate 
(which depends on the composition). In paper 
[2] it has been shown that with appropriate 
heat treatment a stepped dissociation of the 
alloys of the system Fe-Ni-Al occurs. First 
(at 800-1000°) the homogeneous solid solution 
dissociates into the phases 8 and A, which 
differ little in concentration; then, at 
lower temperatures ( 700°) the B, phase dis- 
sociates further, precipitating pure iron. In 
paper [2] the suggestion was made that this 
mechanism of the dissociation facilitates the 
maximum magnetic isolation of the ferromagnetic 
B phase which becomes finely dispersed, i.e. 


*Fiz. metal. metalloved. 7, No. 1, 57-63, 1959. 


the conditions for localized magnetic super- 
saturation are created. 


Electron microscopic investigations [ 3-5 
a.o. | have shown that alloys of the system 
Fe-Ni-Al (and also with admixtures of Co and 
Cu) in the highly coercive state have a 
finely disperse heterophase structure. 


In paper [6] it was shown that in these 
heterophase alloys considerable internal 
stresses are present. 


From the theory of X-ray structure analysis 
it is known [7,8] that in the presence of 
finely disperse "regions of coherent scatter- 
ing" or internal stresses (microdeformations 
of the crystal lattice) in the alloy the 
diffraction lines in the corresponding X-ray 
photographs are broadened. In a number of 
X-ray papers it is, however, noted [9-11] 
that in the alloys of the system Fe-Ni-Al 
neither a change in the form of the diffrac- 
tion lines in the X-ray photograph, nor a 
shift of the lines is observed in the process 
of heat treatment right up to the point where 
the maximum coercive force H, is attained, and 
that only on prolonged tempering, when the 
coercive force decreases, a broadening of the 
diffragtion lines and a change in the crystal 
lattice parameter occur. 


2. In the present paper an X-ray study of 
the changes in the structure of the alloys 
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Fe-Ni-Al-Cu (55.6 per cent weight Fe, 25 per 
cent weight Ni, 14.5 per cent weight Al, 4 
per cent weight Cu) in the process of heat 
treatment was undertaken anew and an attempt 
made to correlate the changes in the structure 
with the changes in the coercive force. 


Specimens of cylindrical form (of 8.2 mm 
diameter and 15 mm height) were cut (polished) 
from a billet of factory production and pre- 
liminarily homogenized at a temperature of 
1050° for 2 hr. The homogenization and sub- 
sequent heat treatment were effected in a 
hydrogen atmosphere. Heat treatment of two 
kinds was applied: (a) quenching from 1050° 
in water with subsequent tempering at 650°, 
and (b) cooling from 1050° to room temperature 
at rates varying from 3000 to 2°/min with 
subsequent tempering at 650° for 2 hr. 


The X-ray photographs were obtained with 
the help of a sharpfocus X-ray tube in a 
camera of 114 mm diameter. The construction 
of the camera allowed photographs to be taken 
of sections rotating around an axis perpen- 
dicular to the surface of the section. Radia- 
tion from a cobalt anode was used which made 
it possible to fix the K, line (310) in the 
X-ray photograph at a Woolf-Bragg angle © 
equal to~~78°. During the X-ray photography 
an aluminium filter was employed. This was 
in the form of a disk of 6y thickness which 
was placed on the surface of the section 
(covering the section completely); as a 
result, X-ray photographs with a considerably 
reduced continuous background were obtained. 


The diffraction lines from the aluminium 
disk served as a standard for the X-ray photo- 
graph. The angle between the plane of the 
section (specimen) and the X-ray beam was so 
arranged that the kK, line (310) of the alloy, 
the change of which was observed, was focused 
on the X-ray photograph. In practice a few 
lines close to it were in focus, including 
the standard K, line (311) of Al, the Woolf- 
Bragg angle of which is 74°10’. 


The photometrial measurement of the X-ray 
photograph was made with an MP-2 microphoto- 
meter; readings were taken at points separated 
by 0.1 mn. 


The magnetic measurements were made with 
the ballistic method. The basic magnetization 
curve and the hysteresis loop were measured. 
The maximum magnetizing field during the 
measurements was 4200 oersted. For the speci- 
mens examined here technical saturation 
corresponds to this field. 


3. Fig. 1 shows the photometric curves of 
the line (310) Ky of the X-ray photographs 
from specimens subjected to different variants 
of the heat treatment (see Table 1). As can 
be seen from Fig. 1, the curves a, b, c, d, e, 
g, h show a well separated Ky doublet. At the 
same time one observes, however, a noticeable 
broadening of the lower part of the photo- 
metric curves, forming, as it were, an ano- 
malous local "background" around the doublet 
line (310); this background is different for 
different specimens (curves). With decreasing 
rate of cooling (curves c, d, e, f) or in- 
creased annealing time (curves g, h) the 
region of the anomalous "background" becomes 
narrower and it shifts to greater angles ®. 
The presence of this "background" and these 
changes in it are easily explained if it is 
assumed that the region of the anomalous 
"background" corresponds in reality to a very 
broadened K, line (310) of the f phase. In 
that case: (a) the contradiction between the 
good separation of the lines of the doublet 
and the "broadening" of the lower part of the 
curves is removed; (b) the change in the 
"form" of the anomalous "background" during 
heat treatment can be explained as the result 
of a change in the dimensions of the finely 
dispersed particles of the fh phase; (c) the 
shift of the "background" can be explained as 
a change in the concentration of the (£ phase. 
If this is borne in mind, the photometric 
curves shown in Fig. 1, a-i should each re- 
present the sum of two curves of the intensity 
distributions corresponding to the lines (310) 
of the phases f and f,. As can be seen, the 
curves corresponding to the B, phase for the 
majority of specimens preserve practically 
the same form. This makes it possible to 
separate the curves of the B, phase from the 
summary photometric curves, i.e. to obtain 
the intensity distribution curve correspond- 
ing to the broad lines (310) of the § phase. 
The separation of the lines was made graph- 
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ically with a correction for different condi- 
tions of taking the photographs obtained from 
the lines of the Al standard. 


This method was used in the present work. 
The "broadened" K, line (310) of the f phase 
was subjected to harmonic analysis. The (310) 


TABLE 1. Calculation of the values for L and Vv A 12 /L and experimental values of H. 


No. of Photometer Heat treatment 
specimen curve 


L, A | VAL2 B phase 
—, 107 
L 10 lattice 


parameter 


oersted 


Quenching from 1050°C 


Cooling at a rate of 
3000°/min 


Cooling at a rate of 
300°/min 


Cooling at a rate of 
60°/ min 


Cooling at a rate of 
11°/min 


Cooling at a rate of 
3000°/min plus annealing 
at 650° for 2 hr. 


Cooling at a rate of 
3000°/min plus annealing 
at 650° for 5 hr 


Cooling at a rate of 
3000°/min plus annealing 
at 650° for 10 hr 


2. 882 


The cause of the broadening of the diffrac- 
tion lines in the X-ray photograph can, as we 
know [7,8], be established with the method of 
harmonic analysis of the "form" of the broad 
diffraction line and the sharp, so-called 
"instrumental" line. Besides, from the Fourier 
coefficients for the intensity distribution 
curves of these lines one can calculate: (1) 
the degree of dispersion of the "regions of 
coherent scattering" (size of the crystallites) 
and (2) the amount of the relative micro- 
deformation of the crystal lattice (size of 
the microstrains). 


line of the 8, phase with the clearly ex- 
pressed K, doublet was taken as the "instru- 
mental" line (the Woolf-Bragg angles of the 
"instrumental" and the "broadened" lines did 
not differ by more than 0.5°). The develop- 
ment into a Fourier series was done over a 
length of 19.8 mm at 0.4 mm intervals. Fig. 2 
shows the curves for the dependence of the 
coefficients A, on the number ¢ for certain 
of the investigated specimens (the coeffi- 
cients A, were calculated from the Fourier 
coefficients corresponding to the "broadened" 
and "instrumental" lines). The form of the 
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plus annealing.at 650° for 10 hr. 


curves A, = ¢$(t) shows that the broadening 
of the diffraction lines corresponding to 
these curves is conditioned by two effects: 
(1) the finely dispersed state, and (2) the 
microdeformations (see [8] ). The average size 
L of the finely dispersed particles of the fh 
phase was found from the tangent of the angle 
of inclination of the curves A, = P(t) to 
the abscissa taken at t = 0. For the calcula- 
tion of the microdeformations it is necessary 
to separate from the coefficients A, the 
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FIG. 1. Photometric curves of the Ky line (310) in the X-ray photograph of the alloy 
Fe-Ni-Al-Cu. (Conventional units). 


(a) quenching from 1050°; (b) cooling at a rate of 3000°/min; (c) cooling at a rate 
of 300°/min; (d) cooling at a rate of 60°/min; (e) cooling at a rate of -60°/min; 

(f) cooling at a rate of 3000°/min plus annealing at 650° for 2 hr; (g) cooling at a 
rate of 3000°/min plus annealing at 650° for 5 hr; (h) cooling at a rate of 3000°/min 


factors At which correspond to the effect of 
the microdeformations (defects) of the 
crystal lattice alone. 


We know [8] that A, = At For the de- 
termination of the magnitude of At the 
simplest assumption on the equality of size 
of the finely dispersed particles of the f 
phase was made; i.e. for the coefficients aq 
corresponding to the fine dispersion a linear 
deperdence on t, with angular coefficients 
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components over the phases may not be able to 
take place and the phases will therefore be 
little different in composition. In such 
specimens the coercive force will not be great 


taken from the resultant curve A, = 4(t) at 
the point t = 0. The coefficients At calcu- 
lated in this way served to determine the 
size of the maximum relative microdeformation 


(VALYL). 


since in spite of the finely dispersed state 


| 


2 


FIG. 2. 


Coefficients of series A, for specimens of the alloy Fe-Ni-Al-Cu. 


(a) cooling at a rate of 3000°/min; (b) cooling at a rate of 11°/min; 
(c) cooling at a rate of 3000°/min plus annealing at 650° for 5 hr. 


In a similar manner we determined the degree 


of dispersion and the relative mictrodeforma- 
tion also for other specimens of the alloy. 
The data for the calculation of L and 
VALA, and also the experimentally deter- 
mined values for H, are given in Table 1. 


From the data of Table 1 it is evident that 
on cooling the alloy at rates of from 3000 to 
11°/min,the 8 phase is precipitated in the 
form of finely dispersed particles the linear 
dimension of which is within the limits of 
120 to 280 A. The quenched specimen also has 
a heterophase structure. Apparently, quench- 
ing in water (at 20°) is not sufficiently 
rapid for this alloy, and during the quenching 
period the 8 phase manages to be precipitated 
from the homogeneous solid solution. * 


The increase in the coercive force with 
the decrease in the rate of cooling to 11%min 
is to be explained by the increase in the 
mutual magnetic isolation of the phases f and 
B,. On rapid cooling the redistribution of the 


* In paper [8] a heterophase structure after 
quenching was also found for the alloy 
Fe-Ni-Al-Cu (25 per cent weight Ni, 14 per 
cent weight Al, 0.15 per cent weight Cu). 


of the 8 phase the conditions for localized 
magnetic supersaturation are not present. 


In the case of slow cooling the redistribu- 
tion of the components over the phases can 
take place and the phases f and f, will be 
close to equilibrium in concentration. With 
the lowering of the rate of cooling a reduc- 
tion in the parameter of the crystal lattice 
of the 8 phase is observed, which indicates 
that this phase is being impoverished in Ni 
and Al and approximates to pure iron, whereby 
the mutual "magnetic isolation" of the phases 
B and B, increases (the technical saturation 
of the § phase increases, that of the f, 
phase decreases). The finely dispersed state 
of the B phase is preserved (owing to the 
stepped dissociation). Thus, when this alloy 
is cooled at a rate of from 60 to 10°/min, 
evidently that maximum "magnetic isolation" 
of the phases f and f, is effected with a 
finely dispersed state of the f phase, i.e. 
the conditions for localized magnetic super- 
saturation are created which makes for high 
values of H, in these specimens. 


Cooling the alloy at a rate of 2°/ min 
leads to a broadening of the lines of the B, 
phase and to a decrease in the coercive force. 
In that case the crystallites of the £ phase, 
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having reached equilibrium concentration, 
begin to coagulate and, hence, microstrains 
appear in the 8, phase (the matrix); its 
coherence is destroyed which leads to a 
general broadening of the diffraction lines. 
The decrease of the coercive force is caused 
by the particles of the f phase in the given 
specimen becoming larger than, e.g. in the 
specimens 0 and E. It was not possible to 
Geicrmine the size of the particles of the f 
phase quantitatively in the specimen F since 
b2cause of the broadening of the lines of the 
8, phase it was impossible unambiguously to 
separate the line corresponding to the B 
phase. 


Annealing of the quenched specimen and of 
specimens cooled at fixed rates leads to 
enlargement of the particles of the 6 phase; 
if the concentrations of the dissociation 
phases in the specimen are far from equi- 
librium, the size of the particles of the B 
phase decreases only a little on annealing 
and #. increases on account of the increase 
in the mutual "magnetic isolation" of the 


phases § and B,; if, however, the concentra- 
tions of the phases are close to equilibrium, 
the size of the particles of the B phase 
grows rapidly on annealing which leads to a 
decrease of H. and a broadening of the 
diffraction lines corresponding to the matrix 
(i.e. the 8, phase, see Fig. 1). 


As follows from the data of Table 1 in all 
the investigated specimens of the alloy con- 
siderable microstrains appear. The latter, as 
we know, play no small role in the case of 
rotation processes. It is not excluded, how- 
ever, that the anisotropy of the of the form 
of the particles of the 8B phase has also a 
considerable influence on the value of A, in 
this alloy (the electron microscopic invest- 
igations [3-5] indicate the presence of 
particles of anisotropic form in the alloys 
of the system Fe-Ni-Al). 


CONCLUSIONS 


(1) During heat treatment the alloys 
Fe-Ni-Al-Cu (55.9 per cent weight Fe, 25 per 


cent Ni, 14.5 per cent Al, 4 per cent Cu) 
dissociate into two phases. 


(2) The change in H, in the alloy as a 
function of the heat treatment is accompanied 
by a change in the "form" of the diffraction 
lines corresponding to the phases f and B,. 


(3) In highly coercive specimens the ferro- 
magnetic 8 phase (a) strongly differs in com- 
position from the 8, phase and (b) is very 
finely dispersed. 


(4) The cause of the high values of A. in 
this alloy is the dispersed state of the 
particles of the ferromagnetic B phase which 
are anisotropic in form and embedded in the 
weakly magnetic matrix (the 8, phase)and the 
appearance of considerable microstrains. The 
size of the particles of the f phase is 
-~ 250 A, which appears to be the optimum 
size for a maximum A, 


(5) An estimate of the degree of disper- 
sity of the particles in the highly coercive 
specimens of the alloy studied in this work 
is made with the method of harmonic analysis 
of the "form" of the lines of the X-ray nphoto- 
graph which yields values in agreement with 
the results of electron microscopic investiga- 
tions of alloys of the system Fe-Ni-Al-Co 
[3-5] 


Translated by B. Ruhemann. 
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The presence of nitrogen in an atmosphere 
oxidizing [1] or carbidizing [2] to chromium 
changes the diffusion picture both of the 
kinetics of the process and of the phase com- 
position of the products obtained. In other 
words, nitrogen takes part in the diffusion 
process of oxygen or carbon in chromium at 
high temperatures. 


For the study of diffusion reactions in 
such complex systems it is absolutely 
necessary first to study the simpler system 
chromium-nitrogen. 


The literature data for this system are 
contradictory and not sufficiently complete. 


In the present work a study of the nitrid- 
ing of chromium in an ammonia atmosphere was 
undertaken. We studied the kinetics of the 
process at various temperatures (600-1200°), 
from the increased weight of the specimens), 
the phase composition and texture of the 
layers of nitrides which are formed (with 
X-rays) and the microstructure of the layers 
(metallographically). 


As the result of investigations of the 
equilibrium pressure in the system chromium- 
nitrogen and of the electric conductivity of 
the products of the reaction of nitrogen with 
chromium Bauer and Voerman [3] and Zhukov [4] 
made the suggestion that there exists in this 
system a phase of variable composition, a 
solid solution of nitrogen and chromium. From 
an analysis of the pressure - concentration 
isotherms he obtained, Valensi [5] drew the 
conclusion that up to a temperature of 920- 
960° there exist two intermediate solid 
phases; above these temperatures one of these 


phases is unstable. Tamman [6], analysing 
Valensi’s isothermals, concludes that up to 
950° two isomorphous phases CrN and Cr.N are 
in equilibrium, distinguished only by their 
different nitrogen content. With rising 
temperature the nitrogen contents of the two 
phases come closer and become equal at the 
critical point (950°C and PN, = 190 mm). 


Above this point, in Tamman’s opinion, there 
exists a solid solution of nitrogen in chrom- 
ium with a solubility interval of up to 50 
atom %N (21.22 per cent weight). Blix [7] 
made an X-ray photographic study of the pro- 
ducts of the saturation of chromium with 
nitrogen. The specimens were prepared by 
nitriding chromium with ammonia at a temper- 
ature of 800°. For the purpose of homogeniza- 
tion the specimens were then annealed in 
vacuum at 1100-1300°. On the basis of these 
investigations it may be concluded that in 
the system Cr-N there exist two intermediate 
phases, CrN and Cr.N. The phase Cr.N (homo- 
geneity region 11.3-11.9 % N,) has a hexa- 
gonal lattice with close packing of chromium 
atoms, while the nitrogen atoms are statistic- 
ally distributed interstitially. The lattice 
parameters of the nitride of chromium Cr.N 
increase with increasing nitrogen content: 

= 2.747-2.770 A and c = 4.439-4.474 A. The 
phase CrN has a lattice of the NaCl type with 
a parameter a= 4.140 A. The region of homo- 


geneity of that phase has not been established. 


According to data by Eriksson [8] the phase 
Cr.N forms a superstructure with a volume of 
the elementary cell three times as large as 
the elementary cell of the hexagonal close 
packing; the parameter c is the same in both 
lattices, but the parameter a of the super- 
structure is more than three times the a of 
the small cell. According to Eriksson’s data 


* Fiz. metal. metalloved. 7, No.1, 64-71, 1959, the region of homogeneity of the phase Cr.N 
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lies in the interval from 9.3 to 11.9 per 

cent No, the upper limit corresponding to the 
stoichiometric composition Cr.N. The parameters 
of the superstructure increase with increasing 
nitrogen content, a from 4.750 to 4.796 & and 
a from 4.429 to 4.470 &. 


The presence of two phases in the system 
chromium-nitrogen, one with a hexagonal lattice 
(Cr.N) and the other (CrN) with a cubic 
lattice has been established by the X-ray in- 
vestigations of Olson, Layer and Middleton 
[9] In this paper there is an indication 


that at low temperatures of nitriding chromium 
(950-1000°) the phase CrN predominates, at 
high temperatures (above 1000°) the phase 
Cr.N. It is also noted that the electric con- 
ductivity of Cr.N is greater than that of CrN. 


Adcock [10] and Mozgovoi and Samarin [ 11] 
have investigated the solubility of nitrogen 
in liquid chromium. It was established that 
with the temperature being raised from 1600 
to 1750° the solubility of nitrogen decreases, 
from 4.03 to 3.53 % (characteristically, 
according to the data of these authors, in a 
nitrogen atmosphere chromium melted at temper- 
atures of the order of 1580-1600°)*. On cool- 
ing the liquid chromium two phases were ob- 
served: (1) chromium with a body centred 
lattice (a = 2.876 &) and (2) nitride with a 
hexagonal lattice (a = 2.74 A and c = 4.45 a), 
which corresponds to a reduced nitrogen con- 
tent in Cr,N compared with the stoichiometric 
composition [7,8]. 


Comparing the results of the investigations 
made by Bauer and Voerman, Zhukov, Valensi, 
Tamman on the one hand, and by Blix, Eriksson, 
Olson, Layer and Middleton on the other, one 
must bear in mind that in the former the con- 
clusions on the existence of phases in the 
system chromium-nitrogen are drawn on the 
basis of results obtained by indirect methods, 
in the latter series of works, however, the 
conclusions are drawn on the basis of X-ray 
structure analysis side by side with other 


* The melting point of chromium in vacuum 
and in argon lies in the temperature region 
of 1920 to 1950° [12,13]. 


methods, i.e. the nitrides were studied and 
attested in the most direct way. Hence one 
must take it as established that in the system 
chromium-nitrogen there exist two intermediate 
phases with different nitrogen content: 


1. Cr.N with a hexagonal close-packing 
lattice and a homogeneity region from 9.3 to 
11.9 per cent No; 


2. CrN with a lattice of NaCl type. The 
homogeneity region of this phase is evidently 
not very wide. 


Of considerable importance is the question 
of the temperature regions of stability of 
the nitrides of chromium. The stability of 
these nitrides noted in the paper referred to 
between the temperature at which they were 
obtained and room temperature is more or less 
reliable. As regards the upper limit of the 
existence of these phases, from the contra- 
dictory data it is impossible to indicate them 
with sufficient accuracy. The statements of 
Valensi and Tamman on the upper temperature 
limit of the existence of the phase CrN (950°) 
requires more precision, since they were made 
on the basis of indirect data. 


METHOD OF OBTAINING NITRIDED 
CHROMIUM 


Electrolytic chromium served as the initial 
material for the investigation. The specimens 
were obtained by the method described in paper 
[14] in the form of hollow cylinders of 17 mm 
length, 7 mm diameter and 0.8 mm wall thick- 
ness. The deposition was effected under two 
regimes of electrolysis which gave two very 
different kinds of deposits: 


(1) a "shining" chromium deposit with well 
pronounced texture of the type (111) Cr 
parallel to the outer surface of the specimen; 


(2) a "dull" (grey) deposit with very poor- 
ly pronounced texture of type (100) Cr 
parallel to the outer surface of the specimen. 


The gaseous medium was ammonia. 


The nitriding was effected in a closed 
vertical quartz tube placed in a tubular 


electric furnace. The specimen was mounted on 
a chrome-nickel suspension in such a way that 
it could be shifted by means of a opening 
operated from a lateral tap in the upper part 
of the tube. In the beginning of the experi- 
ment the specimen was in the upper, cold part 
of the tube from which the air was first 
pumped out and which was then flushed with 
hydrogen; finally, the ammonia was passed 
through at a constant rate of 10 1./hr. The 
furnace was heated to the temperature of the 
experiment and the specimen lowered into the 
middle of the furnace. At the conclusion of 
the experiment the specimen was quickly raised 
into the upper, cold part of the tube where it 
was allowed to cool. 


Before and after nitriding the specimens 
were weighed with an accuracy of + 0.1 mg and 
the weight gained by the specimen during the 
experiment determined. 


The temperature was measured with a Pt/Pt- 
Rh thermocouple with an accuracy of * 10°. 


The Debye photograph for the phase analysis 
was taken with the method of placing the film 
asymmetrically in K radiation of chromiun. 

The X-ray photographs for determining and 
deciphering the texture were taken with the 
method described in paper [16]. For the 
metallographic investigation deposits of 
chromium were prepared on steel cylinders on 
which flat sections were first filed along 
the generating line; after nitriding a 
polished section was prepared on these flat 
sections along an oblique cut. The hollow 
chromium cylinders (isolated from the backing) 
were also studied metallographically; after 
nitriding a polished section was prepared per- 
pendicular to the axis of the specimen. 


RESULTS OF CHROMIUM NITRIDING 
EXPERIMENTS 


1. At a nitriding temperature of 600° no 
addition to the weight of the specimens was 
observed even with the longest exposures (8 
hr). At a temperature of 700° an additional 
weight of the specimens was observed only 
during brief initial periods of the experi- 
ment; when an additional weight of ~ 0.3 mg/cm* 
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had been attained the diffusion of nitrogen 
into the chromium became very slow. 


TABLE 1. Calculation of parabolic 
constants 
Value of k 
2 
Temperature, °C Ix 107 
em? hr 

800 3,19 

850 5,39 

900 7,25 

1000 22.80 

1100 86,30 

1160 244,00 


The data on the weight gained by the speci- 
mens at temperatures of 800, 850, 900, 1000, 
T100, 1160 and 1200° are given in the form of 
curves of the square of the amount of the 
additional weight (calculated per unit area 
of the specimen surface) as functions of the 
duration of the nitriding. As can be seen (Fig. 1) 
from the linear nature of these curves, in all 
experiments the diffusion is a parabolic 
function of the time 

The parabolic constants calculated from the 
curves are given in Table 1. Fig. 2 shows the 
temperature dependence of the slope of the 
kinetic curves. The value of the slope of 
these curves, as we know, expresses the diffu- 
sion coefficient. 


The curve in Fig. 2 is broken and consists 
of two linear branches; the break occurs at 
1300°. It is important to note that below 
this temperature the specimens are of a dark 
violet, almost black colour, while above this 
temperature their surface has a metallic 
shine, almost as in pure electrolytic chron- 
ium, which is in good agreement with Velensi’s 
data [5]. 


2. Qualitative X-ray analysis of the phases 
showed that in chromium specimens nitrided at 
temperatures below 1030° two layers exist 
which differ in phase: an outer layer of CrN 
and an inner layer of Cr.N. The Debye picture 
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SO 

Duration of nitrogenization, hr. 


FIG. 1. Curves of the additional weight of 
specimens on the duration of nitriding. 


of the layers is in good agreement with the 
data of Blix [7] for these pnases. In speci- 
mens of chromium nitrided at temperatures 
above 1030° only one phase, Cr.N, was observed. 
The texture X-ray photographs showed that in 
specimens of "shining" chromium the symptoms 
of a well pronounced texture of the type* 


Temperature °C 


FIG. 2. Temperature dependence 

of angle of inclination of 

kinetic curves of nitriding of 
chromium, 


* OS = outer surface of specimen. 


(110)Cr,N |] os . (1) 


appear during nitriding in the Cr,N layer 
from the very beginning of its formation. The 
degree of perfection of the texture is very 
high (the angle of scattering is of the order 
of 


In the CrN layer (which is formed below 
1030°) there is no texture. The texture (1) 
in the Cr.N layer is present both when Cr.N 
is formed as the only layer (above 1030°) and 
when above it there is the untextured outer 
CrN layer (below 1030°). 


The texture X-ray photographs taken from 
nitrided specimens of grey (low temperature, 
untextured) electrolytic chromium, in sharp 
distinction from similar specimens of "shining" 
chromium, did not show any symptoms of 
texture in the nitride layers. Since shining 
chromium, in contrast to untextured grey 
chromium, has a well pronounced texture of the 


type 


(111) Cr |] os (2) 


one may conclude from a comparison of this 
data that texture (1) in the Cr.N layer is 
the result of orientational and dimensional 
correspondence between metallic chromium of 
texture (2) and the phase Cr.N which is 
formed on its surtace (by chemical reaction). 
In other words, texture (1) is the texture of 
orientational correspondence. Appearing from 
the very beginning of the formation of the 
Cr.N nitride layer in a very high degree of 
perfection, it is preserved to very late 
stages of nitriding. 


The metallographic investigations confirmed 
that as a result of nitriding below 1030° two 
nitride layers are formed on chromium, but 
above 1030° one layer which in colour and 
grain size is similar to the layer formed at 
temperatures below 1030° as the inner layer. 
One should note particularly the metallo- 
graphic picture of the cross-section of the 
chromium specimen which was completely 
nitrided (to the end of weight gaining) at 
1200° (nitriding proceeded from both sides of 
the specimen). In this picture (Fig. 3) one 
sees only two layers identical in aspect which 
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join together along a sharply defined boundary 
without any sign of roughness or unevenness. 


FIG. 3. Microsection of cross-section of 
chromium sample after nitriding through 
and through; x 44. 


S 
Ni 


? 8 
Duration of nitrogenization, 


hr. 


FIG. 4. Curves of dependence 

of additional weight of Cr,N 

specimens on the duration of 
nitriding 


3. In addition to the experiments already 
described an investigation was made of the 
nitriding process of the nitride of chromium 
Cr.N obtained by means of nitriding "shining" 
chromium through and through at 1100°. Such 
specimens were subjected to additional 
nitriding at 800, 900 and 1900°. A new outer 
layer of the nitride CrN was then formed, as 
the X-ray phase analysis and metallographic 
investigation showed. The weight gained by the 
specimen was a parabolic function of time as 
can be seen from Fig. 4 constructed in the 


Temperature °C 
1000 S00 


20 7 

T 
FIG. 5. Temperature dependence 
of the angle of inclination on 
kinetic curves of the nitriding 


of 


same way as Fig. 1. The parabolic constants 
are given in Table 2. Fig. 5 shows the temper- 
ature dependence of the tangent of the angle 
of inclination of the straight lines of Fig.4. 
Above 1030° this linear dependence breaks off, 
since CrN is not formed here. If a specimen 
consisting of Cr.N entirely is additionally 
nitrided at first at a temperature below 1030° 
(when, as has already been said, it gains 
weight and a layer of CrN appears on its sur- 
face), and then is kept in the flow of 


TABLE 2. Value of parabolic constants 


Value of k 


Temperature, °C 


ammonia above 1030°, it loses weight until it 
is down to its original weight when it con- 
sisted only of Cr.N. The external aspect of 
the specimen changes correspondingly: in the 
original state (Cr,N) its surface has a 
metallic shine, after nitriding below 1030° 

it becomes dark-vivlet (CrN) and after expos- 
ing it again to the flow of ammonia above 1030° 
it again assumes a metallic shine. 
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DISCUSSION OF THE RESULTS 


1. At 600° no noticeable interaction occurs 
between the nitrogen of an ammonia atmosphere 
and chromium during exposures of up to 8 hr. 
Although, according to the data of the paper 
by Jones [17] the CrN phase (a = 4.14 A) is 
observed in the products of the nitriding of 
chromium steels at a temperature of 550° 
(side by side with nitrides of iron), yet, 
evidently this is conditioned here by the 
presence of iron which lowers the temperature 
of interaction of nitrogen with chromium. The 
diffusion reaction in the system Cr-N begins 
to proceed at a noticeable rate at 700° and 
is a parabolic function of time in the entire 
temperature interval investigated, right up 
to 1200°. The changes with rising rate of 
diffusion when the temperature is raised, 
beginning with a temperature of 1030° (the 
point of the break in Fig. 2) are connected 
with the fact that below this temperature 
nitrogen diffusion goes through two layers 
(CrN and Cr.N), but above this temperature 
only through one layer (Cr.N). 


As has already been mentioned on the basis 
of their data, Zhukov, Bauer and Voerman came 
to the conclusion that two solid solutions of 
nitrogen in chromium exist in the system 
chromium-nitrogen. The phase they obtained had 
a metallic shine and high electric conductivity 
close to the electric conductivity of metallic 
chromium. The compound of chromium with 
nitrogen which is formed at 1100 and 1200° may 
on the basis of our experiments be described 
as the hexagonal nitride Cr,N. Our results are 
in complete agreement with Valensi’s descrip- 
tion of the colour of the phases obtained be- 
low 1000° (black-violet) and above 1000° (with 
metallic shine). Not having made structural 
investigations, Valensi and Tamman came to 
the mistaken conclusion that these two phases 
were isomorphous and differed only in their 
nitrogen content. As the results of the in- 
vestigations made by Blix, Eriksson and our- 
selves show, these phases have different 
crystal structures. The statement by Blix on 
the existence of two structurally different 
phases, CrN and Cr.N, in the system chromium- 
nitrogen is confirmed by our investigations. 
His conclusion, however, that these two phases 


exist in the temperature interval from 800 to 
1300° is mistaken, since this conclusion was 
drawn without bearing in mind the following 
circumstances in the conduct of the experi- 
ments. Blix nitrogenized a chromium powder at 
800° for a long time. Then, "for the purpose 
of homogenization" of the products of the 
saturation of chromium with nitrogen he 
annealed them for a short time (2-3 hr) at 
1100 and 1250-1300°. The nitride CrN which is 
formed at 800° did not, apparently, break down 
completely during the homogenization annealing 
(according to our data CrN is unstable above 
1030°) and remained in the specimens which 
were after that X-rayed. 


2. The absence of texture in the Cr.N layer 
formed on grey, untextured chromium shows that 
texture (1) formed in the Cr.N layer on 
"shining" chromium is one related to the 
orientation of the substrate. It is preserved 
for a long time while the nitriding continues, 
that is while the Cr.N layer becomes thicker. 
This shows good dimensional correspondence 
between, the textures of the initial chromium 
(2) and that of the Cr.N layer (1) which is 
being formed, and, hence, the absence of dis- 
tortions in the articulation of these textures 
and of strains in the Cr.N layer. This texture 
points to an ordered mechanism of the recon- 
struction of the volume centred chromium 
lattice into the hexagonal Cr.N lattice with 
nitrogen atoms penetrating into the former. 


The best orientational-dimensional correla- 
tion between the Cr and Cr.N lattices requir- 
ing very few shifts of chromium atoms in the 
reconstruction both in the plane of the inter- 
face and in the volume and giving very small 
deformations in the plane of the interference 

(and, hence, also small strains) is obtained 
when the (110) plane of Cr.N forms a small 
angle (~10°) with the (111) plane of Cr 
parallel to the outer surface of the specimen. 
This correlation can be written in the follow- 
ing form: 


(120) (111)Cr (3) 


This texture is very close to the texture 
of type (1). Such a texture of Cr,N corres- 
ponds to the theoretically calculated texture- 
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gram in which on the Debye ring (110) of Cr.N 
(d= 1.37 A), instead of a diatropic maximum, 
there should be two short maxima situated very 
close to each other at the equatorial (median) 
line of the texturegram. With a small, quite 
possible imperfection of this texture these 
two maxima merge into one common maximum dis- 
tended by small azimuths on both sides of the 
mecian line of the texturegram. The texture 
maxima on the other Debye rings will with 
texture (3) have a position which is also like 
in texture (1) within the limits of azimuthal 
broadening in consequence of a slight imper- 
fection of the texture. 


3. The absence of a growth texture in the 

outer CrN layer, the absence of porosity in 
the zone of the interface of the metallic 
chromium and the inner nitride layer and also 
the above mentioned metallographic picture of 
the cross-section of the chromium specimen 
which was nitrided through and through (Fig. 
3). all this leads to the conclusion that the 
diffusion reaction in the system Cr-N nitrogen 
atoms diffuse through the layer of nitrides 
into the depth of the metal from nitride-metal 
interface (the main front of the reaction is 
on the Cr/Cr.N boundary). The CrN layer (on 
nitriding below 1030°) grows on the Cr,N/CrN 
boundary at the expense of the Cr.N layer. 
The orientational and dimensional conditions 
at this boundary are evidently not good, and 
in the CrN laver no texture arises from the 
very beginning of its formation. 


Diffusion of chromium through the nitride 
layer does evidently not occur; at any rate, 
in the structural picture of the nitriding 
process of chromium we have found it does not 
play any noticeable role. In these respects 
the diffusion reaction in the system Cr-N is 
like the diffusion in the system Fe-N [18]. 


CONCLUSIONS 


1. The diffusion reaction in the system 
Cr-N begins to proceed at a noticeable rate 
at 700° and is a parabolic function of time 
in the entire temperature interval right up 
to 1200°. 


2. With rising temperature the rate of 


diffusion in the system Cr-N increases slowly 
at first (below 1030°), then rapidly (above 
1930°). The acceleration with temperature 
increases 3.34 times at 1030°. 


3. Below 1030° nitriding creates two layers 
on chromium of different phases: an inner, 
thicker layer of Cr.N and an outer, thinner, 
CrN layer. Above 1030° only the Cr,N layer is 
formed; the CrN phase is not stable in an 
ammonia atmosphere above 1030° and is not 
formed again, and the CrN phase which was 
formed below 1030° is transformed into the 
Cr,N phase when this temperature is exceeded. 
The change in the rate of the diffusion with 
temperature in the region above 1030° is evidently 
connected with the change in the phase nature 
of the diffusion layers. 


4. During the formation of the Cr.N layer 
on textured chromium there arises at all 
temperatures a texture of orientational- 
dimensional correspondence of the type 


(110) CrgN (111) Cr fl OS 


or, possibly, of the type 
(120) CrgN (111) Cr]! OS. 


On untextured chromium the Cr.N layer has no 
texture. 


5. Irrespective of the presence or absence 
of texture in the chromium, and, correspond- 
ingly, in the Cr.N layer, texture is always 
absent from the outer CrN layer (which is 
formed at temperatures below 1030°). 


6. All the structural features of the 
layers show that during the diffusion reaction 
in the system Cr-N the diffusion of nitrogen 
takes place from outside through the nitride 
layer to the metal and no noticeable diffusion 
of metal occurs in the opposite direction. 


Translated by B. Ruhemann, 


REFERENCES 


1. V.I. Arkharov, V.N. Konev, I.Sh. Trakhten- 
berg and S.V. Shumilina, Fiz. metal. 
_metalloved. 5, No.1, 190 (1957). 


VOL 


10. F.J. Adcock, J. 


Study of diffusion in 


V.I. Konev, Fiz. metal. metalloved., in 
the press. 


E. Bauer and G.L. Voerman, Z. Phys. Chem. 
52 (1905). 


I. I. Zhukov, Izv. inst. fiz.-khim. analiza 
Akad. Nauk SSSR 3 (1), 14, 461 (1926). 


G. Valensi, J. Chim. Phys. 26, 1 (1929). 


G. Tamman, Z, Anorg. Chem. 188, 396 (1930). 


R. Blix, Z. Phys. Chem. B 3, 229 (1929). 


S. Eriksson, Jernkontor. Ann. 118, 530 


(1934). 


E.R. Olson, E.H. Layer and A.E. Middleton, 
Trans. Electrochem. Soc. 102, No.2, 173 
(1955). 


Iron and Steel Inst. 114, 
117 (1926). 


11, 


the system chromium-nitrogen 


Izv. Akad. 
1529 


V.S. Mozgovoi and A.M. Samarin, 
Nauk SSSR, Otd. tekh. nauk, 10, 
(1950). 


D.S. Bloom and N.I. Grant, J. Metals 188, 
No. 1, 41 (1950). 


F. Sauerwald and E. Wintrick, Z. Anorg. 
Chem. 203, 73 (1931). 


V.I. Arkharov, Trud. Inst. fiz. met. Urals 
fil akad. nauk SSSR No. 11, p.5 (1950). 


V.I. Arkharov, Zh. tekh. fiz. 6, No. 10, 


1777 (1936). 


V.I. Arkharov, Zh. tekh. fiz. 6, No. 10, 


1747 (1936). 


B. Jones, J. Iron and Steel Inst. 136, 169 


(1937). 


V.I. Arkharov and Z.P. Kichigina, Trud. 
Inst. fiz. met. Urals fil akad. nauk 
11, 26 (1950). 


65 
3. 
6 
‘ 15. 
16, 
9. 17, 
— 
VOL. 18. 


INVESTIGATION OF THE CREEP OF METALS AND ALLOYS. 
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The diffusion creep which occurs in poly- and single crystals which are 
virtually free from distortions of the crystal lattice is described by the 
relation 


i.e. the rate of extension is proportional to the load applied (ery p). 

Such crystalline materials behave in the region of developed creep like an VOL 
ideal Newtonian liquid, the viscosity n of which is determined by the 7 
relation p/e and is a single valued function of the temperature. The linear 

dependence of the rate of extension of the specimen in the process of 

diffusion creep on the applied load has been demonstrated in experimental 

work, in particular in experiments with single crystals of tin [1] and 


polycrystalline specimens of gold Fal. It is also known that in the initial 
stage of diffusion creep, when the process of extension is accompanied by 
the process of removal of the distortions, the effective viscosity increases 
with time, tending to a value which characterizes the developed creep. At 
this stage, when the effective viscosity is a function not only of 
temperature, but also of time, the behaviour of the specimen under invest- 
igation cannot be likened to the behaviour of an ideal Newtonian liquid. The 
behaviour of crystalline materials, the lattice of which is greatly dis- 
torted, may, generally speaking, differ from the behaviour of an ideal 
Newtonian liquid also in that the magnitude of the effective viscosity and 
the rate of its change with time may depend aon the size of the applied load. 


Having in mind, as in the previous paper[3] crystalline materials with 
a greatly distorted lattice - plastically deformed metals and metals of 
electrolytic provenience - we turn in this paper to the study of the possible 
effect of the size of the specific load on the kinetics of the initial stage 
of diffusion creep. 


THE EXPERIMENTS AND THEIR RESULTS have been described in detail in [3]. As be- 


fore, [3], the experiments were made at a 
The experiments** were made with a device constant rate of heating [4] which, in 


and a method of preparing the specimens which individual cases, was combined with keeping 
the specimens for some time at a certain 
temperature. 


*Fiz. metal. metalloved. 7, No. 1, 72-78, 1959. 


**In some of the experiments the student M. 
Plastik-Kapinus took part. In order to trace the effect of the size 
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of the specific load on the kinetics of the 
initial stage of the diffusion creep of metals 
with a distorted crystal lattice, the follow- 
ing series of experiments were made. 


First series of experiments. We studied the 
diffusion creep of copper specimens with dis- 
torted crystal lattice to which from the be- 
ginning of the heating process various specific 
loads were applied. Thus, at the same rate of 
heating (w = 5°/min) observations were made 
of the diffusion creep of copper samples 
identical in origin and plastically deformed, 
to which various loads, 3.25 and 5.75 kg/cm? 
were applied. The results of these experiments 
are shown in co-ordinates «/p, T in Fig. 1. 
The usefulness of constructing the experi- 
mental curves in these co-ordinates follows 
from the fact that «/p = t/n(T) = T/M(T)», if 
it is assumed that 7(T) does not depend on the 
load, should also be independent of the load, 
i.e. the curves obtained for various specific 
loads should, in these co-ordinates, coincide. 
These curves show, however, considerable 
differences which points to an existing effect 
of the size of the specific load on the 
kinetics of diffusion creep. 


A 


900 7000 
T°C 


600 


FIG 1. 


Dependence AL/Lop 
on T for specimens of 
plastically deformed copper 
at different specific loads, 
w = 5°/min. 


(1) = 3-25 kg/cm; 
(2) py, = 5.75 ke/em’. 


710% 
40 


32 


FIG. 2. Temperature dependence 
of the viscosity of plastically 
deformed copper specimens from 
data of experiments at 

w = 5°/min. 


(1) py = 3-25 kg/cm; 
= 5.75 kg/cm? 


The curves of Fig. 1 can be used to calculate 
the effective viscosity of the specimens 
under investigation. If the measurements are 
made at a constant rate of heating, the ex- 
pression which determines the viscosity at a 
given moment of time can be written in the 
following form [4] : 


aT }w=const 


(2) 


The curves 7 = n(T) _ const found from the 
curves of Fig. 1 and equation (2) are shown 
in Fig. 2. Examining the course of the curves 
of Figs. 1 and 2, one may consider the follow- 
ing features of the effect of the size of the 
specific load on the kinetics of the early 
stage of the diffusion creep of plastically 
deformed copper: 


(a) at the highest specific load on the 
specimen the deviation from the thermal 
strain as a consequence of creep begins at a 
lower temperature; 


(b) the effective viscosity of the speci- 
men which was under the greatest load in the 
initial stage of heating (in the temperature 
region < 800°) is less than the viscosity of 
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the sample under the smaller load. In the 
temperature region above 800° the sign of the 
difference in the values of the viscosity is 
reversed. 


Similar experiments were also made with 
copper specimens of electrolytic origin. The 
size of the specific load applied in these 
experiments differed by an order of magnitude 
(from 4.5 to 0.45 kg/mm*). The experimental 
curves (after deducting the thermal strain) 
are shown in Fig. 3. Like the experiments with 
plastically deformed specimens, the experi- 
ments with specimens of electrolytic origin 
show that, at higher specific loads, the 
diffusion creep begins at lower temperatures 
and at higher temperatures is characterized 
by a greater value of the viscosity coeffi- 
cient. As a consequence of this latter fact, 
although with the increase in the specific 
load the overall extension through creep in- 
creases, the extension related to unit load 
diminishes with increasing load (Fig. 4). 


10? 


30 


20 49 60 


FIG. 3. Dependence of the 
quantity AL/Lop., on t for 
specimens of copper of 
electrolytic origin. I = 

3 A/in.*; »= 10°/min. 


tin * 0.45 kg/cm’; 
1.10 kg/cm; 
= 2.00 kg/em?; 


P 2 
4.50 kg/cm. 


J 7; 2 
P ke/cm 


FIG. 4. Dependence of AL/L 
(curve 1) and AL/Lop,, 

(curve 2) on the specific 

load from the data of experi- 
ments with specimens of copper 
of electrolytic origin. 


Second series of experiments. The experi- 
ments of the second series consisted in ob- 
servations of the diffusion creep both under 
a heating regime and at constant temperature 
for prolonged periods. The results of the 
experiments, identical in conception, for 
plastically deformed specimens are given in 
Fig. 5, for specimens of electrolytic origin 
in Fig. 6. In these experiments one of the 


specimens was loaded at room temperature and 
heated under load at a constant rate to the 
temperature at which it was kept for some 

time; the other specimen was heated at the 
same rate but without load, the latter being 
applied when the temperature for the isothermal 
experiment was reached. 


The results of the experiments show that 
the specimens heated under load, to the moment 
when they reach the temperature of the iso- 
thermal experiment are characterized by a 
smaller rate of creep than the specimens which 
were heated to this temperature under zero 
load and then loaded. The creep rate of the 
samples heated without load changes more 
rapidly with the length of the time during 
they were kept at constant temperature so 
that both specimens soon have practically the 
same creep rate. Qualitatively similar results 
were obtained in experiments in which the 
identical specimens were heated and kept at 
constant temperature under different loads 
(Fig. 7). 
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(2) 


2 60 G0 100 120 


t,min 


FIG. 5. Curves of the dependence 
of AL/L on t from the data of 
experiments with specimens of 
plastically deformed copper. 


(1) load at T= 940°C; 
(2) load at T= 20°C; 
w = 50°/min; Pep = 5-75 kg/en?. 


The experiments of the first and second 
series can be understood qualitatively if it 
is assumed that the application of an external 
load which does not exceed the elastic limit 
to a specimen with distorted crystal lattice 
facilitates the "healing" of the distortions. 
Indeed in accordance with the conceptions of 
Pines | 5,6] the healing process of the dis- 
tortions of the crystal lattice is accompanied 
by a greater diffusion activity of the speci- 
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FIG. 6. Curves of the dependence 
of AL/Lop,, on t from data of 
experiments with specimens of 
copper of electrolytic origin. 


(1) load at T= 720°C; 
(2) load at T= 20°C; 
I= 5 A/in.2; = 10°/min; 


2 
Py 3.6 kg/cm’. 
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FIG. 7. Curves of the dependence 
of *AL/Lop, on t for specimens 
of copper of electrolytic origin 
at different specific loads. 


(L) = 2-5 kg/em?; 
(2) = 6.9 kg/om?; 
I = 3 A/in.?; » = 10°/min; T= 720°C. 


men as a result of the appearance of a larger 
number of excess vacancies. 


It may be suggested that the lowering of 
the temperature of the beginning of the 
deviation of the extension from the thermal 
strain described in the first series of 
experiments is the result of the distortions, 
which in the absence of a load would under a 
similar heating regime be preserved to higher 
temperatures, in the presence of a load being 
healed earlier. This leads to the appearance 
of excess vacancies and active diffusion creep 
at lower temperatures. As we have already 
pointed out (see Fig. 2), the difference in 
the viscosity coefficient characterizing the 
creep of specimen 1 (p = 3.25 kg/cm’) and 
specimen 2 (p = 5.75 kg/cm*) changes sign at 
800°C. This may be explained in the following 
manner. In specimen 2 the distortions begin 
to heal at a lower temperature and in the be- 
ginning the healing process progresses more 
intensely than in specimen 1. Hence, in the 
region of high temperatures specimen 2 
approaches more closely to a state of equili- 
brium. Hence also the slower decrease in the 
viscosity of specimen 2 compared with the de- 
crease in the viscosity of specimen 1 with 
rising temperature in the region of high 
temperatures. 


The qualitative explanation of the results 
of the first series of experiments is also 
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applicable to the results of the experiments 
of the second series. 


ON THE POSSIBLE MECHANISMS OF THE 
EFFECT OF THE LOAD ON THE KINETICS 
OF THE REMOVAL OF DISTORTIONS 


The experimental facts described in the 
preceding paragraphs enable us to draw the 
conclusion that small loads applied to a 
metal with a distorted crystal lattice faci- 
litate the healing of the distortions in a 
similar way to the healing of distortions by 
raising the temperature. This statement is 
justifiable irrespective of the details of 
the mechanism of this effect. One may, ‘how- 
ever, attempt to present the possible mecha- 
nisms of this effect which are confirmed by 
the experiments as a whole. 


One of the possible causes of the effect 
under discussion is the following. At the 
early stage of creep the load applied to the 
specimen is the cause of a directed shift of 
dislocations, and, as follows from the basic 
conceptions of the exhaustion theory [7,8], 
there exist in the specimen a large number 
of kinds of dislocated regions each of which 
is characterized by a certain value of the 
"activation stress". This is the difference 
between the flow stress and the applied 
stress, and the dislocated region can make 
its own contribution to the relative extension 
only when the applied stress increases by the 
said difference, which may occur as a result 
of heat fluctuation excitation. 


In this way, the greater the stress applied 
from without, the smaller the heat fluctuation 
required to activate the dislocated region, 
and the lower the temperature at which this 
can be realized, i.e. the load applied from 
without transforms the dislocated regions 
into a series of regions which heal more 
easily as the result of heat fluctuations. The 
described effect of the size of the specific 
load on the kinetics of the initial stage of 
creep is in agreement with the concepts of 
the exhaustion theory. 


Simultaneously with the described mechanism 
of the effect of the size of the load at the 


early stage of the creep process, this may 
also be affected by the circumstance that the 
healing process of the distortions of the 
crystal lattice is accompanied by an increase 
in the diffusion activity of the specimen as 
a result of the appearance of a large number 
of excess vacancies [5,6]. 


In a metal with a distorted crystal lattice 
(plastically deformed or of electrolytic 
origin) there exist dislocated regions which 
are in a complex state of strain, some of 
them are subject to compression, others to 
extension. The regions with reduced local 
density (compared with the density of a metal 
with a lattice free from distortions, because 
an extending stress is applied to them) are 
in a metastable state. The application of an 
additional extending force of a certain 
strength will facilitate the transition of 
some of these regions into a stable state. 
This transition will be accompanied by an 
increase in the local density of the region 
in the process of "healing" and to the 
appearance of vacant sites in the lattice. 


The regions which are under a compressing 
force (and the local density of which is 
raised, compared with the density of a metal 
in a state of equilibrium) will approach the 
equilibrium state when an external extending 
force is applied. With the application of 
external compressing forces the regions with 
increased local density will be still further 
removed from the state of equilibrium, while 
the regions with reduced density will approach 
the state of equilibrium. This process should 
not, however, be accompanied by the appear- 
ance of excess vacancies. Thus the effect of 
the external load on the kinetics of the heal- 
ing of distortions may prove to be uniquely 
different dependent on the sign of the load. 


In as much as the application of an ex- 
ternal load to the object with distorted 
lattice acts on the state of the lattice in 
the same direction as the raising of the 
temperature, it is of interest to establish 
the connexion between the size of the applied 
load Sp and the equivalent (in the sense of 
its effect on the "healing" of the distort- 
ions) change in the temperature OT. Formally, 
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the application of an external extending 
force may be described as a lowering of the 
potential barrier 59 to the transition from 
the metastable state in which the extended 
region are to a stable state, i.e. as an in- 
crease in the probability of this transition. 
Since the same increase in the probability 

of the transition in question may be attained 
by raising the temperature by the quantity 
ST, one may write: 


It follows from (3) that 
Q Q—8Q 
= ‘ (4) 
T 
where in (3) and (4) Q is the activation 
energy of the process of healing the dis- 
tortions. Neglecting the quantity 5T/T as 
small compared with one, we obtain 


Q 
Q ST. (5) 


The connexion between the quantities 5Q and 
Sp may, broadly speaking, be written in the 
form of a series 


= +B) +... (6) 


Since the quantity 5p is small, we may 
neglect those members of the series which 
contain Sp in the second and higher powers, 
i.e. 


8Q=abp. (7) 
Taking into account (5) and (6), we obtain 


(8) 


a 


Thus, there should exist a linear dependence 
between dp and ST. We note that the result we 
have obtained follows also from the proposi- 
tion often made in various investigations [7] 
according to which the activation energy of 
the process of healing of the dislocated 
regions and the activation stress are linked 
by a linear relation. 


If we assume, that in the described creep 
experiments with specimens of electrolytic 
origin to which Various loads were applied, 
the deviation from the thermal strain begins 


when the identical strains are removed (see 
Fig. 3), one can construct the dependence of 
Sp on ST shown in Fig. 8. 


kg/cm2 
Ne 


¥ 


200 500 400 
7.°C 


FIG. 8. Dependence of the temperature 
of the beginning of creep on the size 
of the specific load from the data of 
experiments with specimens of copper 
of electrolytic origin (see Fig 3). 


We note that the straight line shown in Fig.8 
does not express the general correlation be 
between Sp and ST, but describes this correla- 
tion only in application to the healing of 
those distortions which are healed at the very 
beginning of the process of diffusion creep. 
Determining the quantity dp/dT from the course 
of the straight line in Fig. 8 one can, from 
(5) and (8), estimate the relative decrease 

in the potential barrier 5 Q/Q of the process 
of the healing of the distortions per unit 
load which occurs under the effect of the 
applied load, i.e. the quantity 1/Q x 5 Q/dp. 
In the temperature region from 200 to 400°C 
this quantity proves to be equal to 15 x 10-2 
cm?/kg. 


From an extrapolation of the straight line 
in Fig. 8 to the region of room temperatures 
one may expect that in the specimen of copper 
of electrolytic origin to which a load of 
10 kg/cm? was applied the healing of the dis- 
tortions will occur at room temperature. One 
can evidently convince oneself of this also 
by means of differential experiments on the 
change in the electric resistance of two 
specimens one of which has for some time been 
under the said load. The difference in the 
electric resistances of two such specimens 
can be most accurately observed by measuring 
the residual resistanoe at low temperatures. 
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RESULTS 


1. By experiments with copper specimens 
the lattice of which is greatly distorted it 
has been shown that the kinetics of the stage 
of diffusion creep depends on the size of the 
load applied to the specimen. 


2.. On the basis of the discussion of the 
experimental results obtained, the suggestion 
is made that small loads, not exceeding the 
elastic limit, facilitate the healing of dis- 
tortions. 


3. The question of the possible mechanism 
of the effect of the load on the healing of 
the distortions of the crystal lattice is 
discussed. 


I express my gratitude to I.M. Lifshits 
and M.I. Kaganov for valuable comments made 
in the discussion of the results of this work. 


Translated by B. Ruhemann. 
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Distortions in the crystal lattice in alloys have been studied for more 
than 20 years by measuring the intensity of X-ray reflections. In the first 
papers, more or less confirmatory information was obtained about lattice 
distortion [1,2]. The value of later papers [3-8], devoted to a study of 
lattice distortions in alloys, consists firstly of the fact that much 
factual information is obtained on distortions arising in the lattice during 
alloying. In these investigations, a fuller analysis has been made of the 
state of the alloy lattice, the character of distortions and a method has 
been proposed for a quantitative calculation and determination of the ratios 


of distortions of different types [7,8]. 


With the development of this work, it will be possible to develop much 
further ideas on the heat stability of the alloys. For this purpose, however, 
it is necessary to study lattice distortions over a wide range of tempera- 
tures, close to the operational temperatures. 


In the present paper, a study is made of alloys based on nickel, i.e. 
alloys close in composition to alloys of the heat-stable type. Studying 
distortions in the lattice in these alloys over the temperature range 20- 
500°, the author tried to determine the value of distortigns of different 
types, to calculate their ratio and to determine their temperature 


dependence. 
METHOD then to decrease the size of the crystalline 
particles, it was again hammered in the cold ~ 
l crystal state in three mutually perpendicular direc- 
kel tions. This compressing was carried out so 
alloyed w aluminium, chromium, cobalt an sesticles tp. 


iron. The chemical composition of the alloys 


is given in Table 1. From the billets flat samples of the 7 


necessary size were cut, but they were sub- 
Tie Stioys were prepared in an induction jected to stepwise annealing at a temperature 
furnace containing inert gas. The melt was gradually increasing to 550°, i.e. 50° above 
cast in this furnace. The ingots so obtained the temperature at which the X-ray study of 
were subjected to homogenizing, annealing and the samples was carried out. The system of 
temmered in the hot state. After ene. stepwise annealing of each of the alloys was 
at 900", and selected so that, on the one hand, distortions 
were obtained arising in the lattice during 
cold hammering and cutting and, on the other 
hand, so that during subsequent heating during 
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TABLE 1. 


The chemical composition of the alloys. 


Content of elements (atm. %) 


Co | | Ni 


More 
than 99.9 
Remainder 
>» 


» 
» 
» 
» 


the investigation, no recrystallization of the 
metal took place. 


furnace 
; \ sample 
standard exp. meter 
protective hood 


adaptor with film 


FIG. 1. Diagram of a back reflection split 
exposure of a standard of exposure and sample 
at room and increased temperatures. 


The structure of the samples was controlled 
by the X-ray methods, both in the process of 
mechanical-thermal treatment, and after their 
full treatment, The criteria of suitability of 
the samples for subsequent investigation were: 
complete absence of texture, which was deter- 
mined in a special texture camera; removal of 
distortions and sufficiently small-grain 
structure, which was established by the pre- 
sence of a sharply resolved doublet Koy and 
K> and by the continuity of interference 
lines on the X-ray diagrams obtained by back 
reflection without rotation. 


The intensity of reflection of the X-rays 
was studied in a camera for inverted exposures 
at temperatures of 20, 200, 350 and 500°. The 
camera was a standard KPOS-1 camera with two 
additional devices - one for heating the 
samples to 550-600°, the other for exposure 
of the standard of exposure. During the ex- 


posures, the furnace was kept at a constant 
temperature. It was established from a gradual 
curve of temperature - current strength. 


The device for exposure of the standard of 


exposure, in the form of a truncated conical 

hood fastened to the adaptor with an opening 

for the passage of the primary beam of rays, VOL 


ensures separated protection of the parts of 
the film from scattered radiation and, there- 
fore, makes it possible to study changes in 
the background. The arrangement of the pro- 
tective hood of the calibration instrument of 
exposure and the sample under investigation 
is shown in Fig. 1. 


Six to eight X-ray diagrams were obtained 
from each sample at each of the temperatures 
mentioned above. The X-ray exposures were 
made in an apparatus with a sealed tube with 
a copper anode. The films were exposed to 
approximately the same degree of darkening in 
a linear region. The photometric study of the 
X-ray diagrams was done visually from a scale 
of absolute darkenings with the MF-4 micro- 
photometer. The results of the photometric 
measurements were plotted graphically on 
millimetre paper, then, by weighing the 
cuttings of areas bounded by the photometric 
curve and the background obtained by extra- 
polation, the relative integral intensity of 
reflections from the (331) and (420) planes 
was determined. 


All the auxiliary data, required for the 
calculation of intensity of X-ray reflections, 
were determined by the usual experimental 
devices and calculation method from data given 
in the handbooks. The lattice parameter of 
nickel and nickel alloys in the range 20-500° 


H 
HX; 10.5 
HXy 24.0 
HA; _ 5.9 
HAy 12.4 
HK 
HK 
= 
195 


Nickel at temperatures of 20-500° 


was determined by the method of inverted ex- 
posures with an accuracy of up to + 0.001 A. 


Data are given in the paper on the relative 
hardness of nickel and its alloys in the 
range 20-500°. They were obtained from 
measurements made on a standard apparatus. 


CALCULATION OF THE INTENSITY OF X-RAY 
REFLECTIONS AND DETERMINATION OF 
VALUES CHARACTERIZING DISTORTIONS 
IN THE CRYSTAL LATTICE 


The intensity of X-ray reflections [9] 
from arbitrarily selected (hkl) planes is 
calculated from the formula 


1 =1,Cf2, (1) 
where I, is the value for the intensity of 
the incident beam, usually differing suffi- 
ciently sharply from one X-ray exposure to 
another; C is the value, depending on 
structure, polarization, of the mass coeffi- 
cient of absorption, of the character and 
geometrical conditions of the X-ray exposure 
and other factors; f; is the value of the 
scattering capacity of the atoms in the 
lattice. This value is the subject of the 
present investigation. 


Using the standard of exposure (aluminium) 
I, can readily be brought to the constant 
value in arbitrarily selected units, and by 
using the substitution method (i.e. using 
successive X-ray exposures of the sample - 
standard and samples of the materials under 
investigation) the absolute values of 
fr( sample) can readily be determined from the 
formula 


f f Cytand. 
= T > 

T{ sample) (stand. ) 

The scattering capacity of the atoms in the 
lattice is expressed by fr = foe™, where f, 
is the value of the scattering capacity of the 
atoms in a state of rest, and eM is the 
thermal factor 


M=— 
3 


(2) 


(3) 


u? being the mean square displacement of the 
atoms due to thermal oscillations, and 


— 6h? P(x) _i ]/sin® \3 4 


where A and k are the known universal con- 
stants, a is the mass of the atom, © is the 
characteristic temperature, x = @/T and ®( x) 
is the function calculated by Debye [9]. 


In work using the method of substitution 
of the standard, a number of values present 
in C are excluded from the treatment and it 
therefore becomes possible to determine 
Cyample and © by a calculation method. 


Thus, by measuring the intensity of the X-ray 
reflections ample and it becomes 
possible to determine the values of fr sample) 
from formula (2) and later from formulae 

(4) and (3) the characteristic temperature 0 
and the mean square displacement u* of the 
atoms in the lattice for the sample under in- 


vestigation. 


The standard was pure nickel at room 
temperature. The value of f, for nickel at 
room temperature was calculated from formula 
(4) from the characteristic temperature given 
in [9]. 


By determining the intensity of reflections 
I, for nickel at temperatures of 20, 200, 350 
and 500° and by calculation from formulae (2) 
and (4), it was shown that the characteristic 
temperature of nickel hardly changes in the 
range 20-500°. In any case, its change does 
not go beyond the limits of the absolute error 
of measurement, equal to about * 10°K. De- 
crease in the intensity of reflections with 
increase in temperature is only caused by a 


2 
change in the thermal displacements u ineruet. 


Since ® for nickel can be considered con- 
stant in the range 20-500°, then by measuring 
the intensities Ir and A for both tempera- 


tures from formulae (1) and (4) we obtain: 


Cr mk® Xe 4 
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or 
12h? { (Xo) sin 0, 
(x1) _1 )/sin ®,\? 
are h i}: (6) 


A solution of equation (6) can be obtained 
graphically and therefore the non-relative 
value of O for nickel will be found directly 
in the range of temperatures under consider- 
ation. 


By measuring the intensity of X-ray ref- 
lections of alloys at two temperatures in the 
ranges 20-200, 200-350, and 350-500°, it was 
found later that the characteristic tempera- 
ture of alloys in these temperature ranges is 
also practically constant. Thus, it was 
possible to determine the absolute values of 
0 for the alloys from formula (6). 


The value of the factor Pl is determined 
not only by the thermal state of the lattice, 
but by other distortions also. Thus, with the 
presence of chemical defects in the lattice 
in the form of other atoms substituting the 
atoms of the basic substance in the general 
lattice, the atoms directly adjacent to and 
relatively close to the defects are displaced 
from their normal positions, these "static" 
displacements being qualitatively equivalent 
to thermal displacements [1]. As a result of 
this, with a certain approximation it can be 
said that 


“thermal “stat. (7) 


By substitution in formulae (2) and (3) 
only the values u* are determined, i.e. the 
general mean square displacement of atoms in 
the lattice of pure metal and in the dis- 
torted lattice of alloys at room and higher 
temperatures. Thus, however, with change in 
the temperature OT changes and 
the value U4 44. does not change or changes 
slightly, then by graphical extrapolation, as 


shown in Fig. 9, the values of : een and 
U+hermal Can readily be determined. 
To determine the values of C and 


sample 


present in the calculation formulae 


st 


(2) or (5), it is also necessary to have in- 
formation on the value of fy» We calculated 
the mean effective factor of atomic scatter- 
ing of alloys from the law of mixture. How- 
ever, this method of calculation is not fully 
is not fully justifiable [2], since in alloy- 
ing polarization of the atoms of the alloying 
elements takes place and disturbances arise 
in the distribution of the valency electrons 
[10]. The method of inverted X-ray exposures 
does not permit the evaluation of the 
character of change in the state of atoms in 
the lattice, and the neglect of this effect 
introduces a corresponding error into the 
results for the determination of the value of 
M. 


RESULTS OF THE INVESTIGATION 
AND THEIR DISCUSSION 


In Fig. 2 (a, 6, c, and d) there are values 
for B= M(A/sin @)* for nickel and alloys 
based on nickel as a function of the concen- 
tration of the solid solution at 20, 200, 350 
and 500°. The results of the measurements are 
given as a function of temperature in Fig. 3. 
In this figure the values of / u*, calculated 
from formula (3), are plotted on the ordinate 
axis. The calculation of the results presented 
in Figs. 2, 3 was made by comparison with the 
nickel standard at 20°. 


The data of Fig. 2a _ show sufficiently 
conclusively that alloying changes rather 
sharply the thermal factor of nickel, whilst 
the distortions caused by alloying, on the 
one hand, as can be judged from the alloys 
Ni-Al and Ni-Cr, increase linearly with in- 
crease in the alloying addition and, on the 
other hand, are determined by the nature of 
the alloying element. At room temperature the 
lattice is most noticeably distorted by 
aluminium and the least noticeably affected 
by chromium. 


With increase in the temperature, the 
thermal factor of nickel and the alloys 
changes in a different way. In the range 20- 
500° the thermal factor changes the most 
sharply for nickel. This is shown by the data 
given in Fig. 3. The temperature dependence 
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of the distortion factor of the lattice in 
alloys is determined by the alloying element. 
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FIG. 2. Dependence of the 
constant B of the distortion 
factor of the lattice on the 
compositions of the alloys in 
the range 20-500°. 
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FIG. 3. Dependence of the 

distortion of the lattice 
u* of the alloys on the 

temperature of heating. 


This is well illustrated in Fig. 4 which 
combines the data of Fig. 2, a and Fig. 2, d; 


the dependence of the value of B on the amount 


of the alloying addition in the alloys Ni-Al 


and Ni-Co at 20° is more pronounced than at 
500°; in Ni-Fe it is less pronounced, and in 
the alloy Ni-Cr at 20 and 500° it is the same. 


Fig. 5 presents the values of the charac- 
teristic temperature of alloys based on nickel 
as a function of the concentration of alloying 
additions. These data were obtained by com- 
paring the intensities of X-ray reflections 
at two temperatures and are non-relative 
values of @. The characteristic temperature 
obtained for pure nickel in this way was 


20° 
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2 
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FIG. 4. Dependence of the value of B on 
the composition of alloys at 20 and 500°. 


350°K, i.e. lower than in [9], obtained by 
measuring the specific heat. The value of @ 
for nickel given above is exactly the same as 
the value obtained by the X-ray method in 
paper [11]. Low values of @ were obtained in 
both the present paper and in [11] probably 
because nickel was used which had not been 
brought to the full equilibrium state, i.e. 
nicke! with a noticeably distorted lattice. 
Determination of the characteristic tempera- 
ture by measuring the intensity of the X-ray 
reflections at two temperatures is apparently 
less accurate than its determination by other 
methods. In any case, the characteristic 
temperature can be found by this method with 
an absolute error of up to+ 10°K. | 


The alloys were investigated after mecha- 
nical-thermal treatment similar to that used 
for nickel, and therefore the true values of 
® for these alloys, as for nickel, were 
apparently low to the same extent. In dis- 


Nickel at temperatures of 20-500° 


cussing the data of Fig. 5, the general lower- 
ing of the characteristic temperature of the 
alloys should therefore be considered. 
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FIG. 5. Dependence of the characteristic 
temperature on the composition of alloys 
at 20°. 


The following are the values of the 
characteristic temperature of nickel and 
metals used as the alloying additions [9]: 
Ni 400°, Cr 485°, Al 390°, Co 410°, Fe 430°. 


These data were used later to evaluate the 
general picture of the effect of alloying on 
the characteristic temperature of nickel. 


The characteristic temperature during 
alloying does not change according to the law 
of mixture. Its ehange depends on the alloying 
element and is proportional to the amount of 
the addition, in some alloys it is positive 
and in others negative. The latter can be 
seen from Table 2 (in relative units) by 
example with the conventional 10 per cent 
solid solution. 


The data given in Fig. 5 and in Table 2 on 
the change in the characteristic temperature 
of nickel during alloying seem to us to be 
very important, especially in connexion with 
the fact that the value » @* (m is the aver- 
age mass of one atom in the lattice of the 
solid solution) determines to some extent the 
mechanical properties of the alloys [12]. 


It was shown above that the characteristic 
temperature of alloys in each of the ranges 
of temperatures considered 20-200°, 200-350° 
and 350-500° can practically be considered to 
be a constant value. Furthermore, experimental 


data show that in the transition from the 
first range to subsequent ranges, there is a 
small increase in © for all alloys. However, 
these small changes do not predetermine a 
sufficiently pronounced weakening in the 
mechanical characteristics of the alloys with 
increase in temperature. Decrease in the 
mechanical characteristics of pure metals and 
alloys with increase in temperature is due 
most of all to an increase in mobility of, the 
atoms in the lattice, due to the increase in 
intensity and energy of the thermal oscilla- 
tions. 


TABLE 2. Relative change in the characteristic 
temperature of the alloys 


Change in characteristic: 
temperature, % 


From law of] Experimental 
mixture 


+2.12 
—0.25 
+0,25 
+0.75 


The intensity of thermal oscillations of 
atoms in alloys is characterized by the value 
of re which can easily be determined 
by converting data for the characteristic 
temperature of alloys, given in Fig..5, from 
the formula 


x 


= 
thermal 4m®x 4 


obtained from (3) and (4). 


Fig. 6 gives values of Wiis for nickel 
and alloys based on nickel as a function of 
the quantity of alloying additions, calculated 
from formula (8) for T= 20° + 273°. These 
data show that in the alloying of nickel with 
aluminium, chromium and cobalt, the intensity 
of the thermal oscillations of atoms in the 
general lattice of the alloy decreases and in 
alloying with iron, on the other hand, it in- 
creases. Change in the intensity of the 
thermal oscillations of atoms (Fig. 6) is only 
an invefted mirror reflection of the data 
given in Fig. 5, but the thermal oscillation 
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here show more obviously the character of re- 
action of atoms in a lattice of alloys, i.e. 
the character of the effect of alloying. 


Similarly, values of can be ob- 
tained at other temperatures. We can proceed 
from the fact that the values of ® for alloys 
do not change with increase in temperature, 
or can be based on the experimental values of 
© for the corresponding temperature ranges. 


Fig. 7 presents the temperature dependences 
of the relative value of 


(] 


for pure nickel. and alloys. They reflect the 
change in the intensity of the thermal 
oscillations of atoms in the alloys in the 
range 20-500°. In alloys for which the value 
of ® changes particularly noticeably with 
increase in temperature, e.g. in Ni-Cr, the 
temperature dependence has a non-linear 
character. 


(8a) 


Since certain mechanical characteristics 
of alloys change very noticeably with in- 
crease in temperature, we determined the 
temperature dependence of a trivial character- 
istic such as the Vickers hardness. Fig. 8 
shows the temperature dependence of the hard- 
ness of alloys and pure nickel in relative 
units. On the whole, the curves reflect 
qualitatively the reverse dependence of the 
thermal mobility of the atoms in the lattice. 
As regards the incomplete sequence of the 
curves of Fig. 8 and the non-linearity of the 
temperature dependence of the relative hard- 
ness, they are due to the fact that the 
hardness is determined not only by the stabil- 
ity of the lattice and the mobility of the 
crystallites themselves and their fragments, 
which increases noticeably with temperature, 
but also by the change in the character of 
the bond strengths during alloying [12]. 


On converting the values of Va presented 
in Fig. 3, obtained by the method of substitu- 
tion or comparison with the nickel standard 


Nickel at temperatures of 20-500° 


(for which the value of ® is arbitrarily 
taken as 400°K [9] at 20°C) to the value of @ 
found experimentally by the method of two 
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FIG. 6. Dependence of thermal dis- 

tortions of the lattice 

on the composition of the alloys at 


20°. 
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distortions in alloys in the range 20- 
500°. 


temperatures (equal to 350°K), we obtained 
temperature dependences of y u* for nickel 
and nickel alloys which corresponded more to 
the true values. However, according to ex- 
pression (7), the value of u* is a superposi- 
tion of thermal and "static" displacements, 
whilst according to the data of Fig. 6, the 
value of ‘6 decreases rather sharply 
with decrease in the temperature of the alloy. 
We therefore extrapolated the values of y a 
to the temperature T= 0, in order to deter- 


mine the values of "Se for T= 0. 


Fig. 9 gives the temperature dependence of 
J iw for nickel and alloys (in °K). An impor- 
tant result of the extrapolation is that in 
this way it is easy to determine the values 


Nickel at temperatures of 20-500° 


of ¥ u.,.,., i-e. to obtain information on 
"static" distortions in the lattice of alloys 
at T= 0 (the "zero" distortion should be 
considered however). 
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FIG 8. Relative change in the 
hardness of alloys in the range 
20-500°. 
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FIG. 9. Determination of the "static" 
distortions of Vu? in alloys by 
extrapolation. 


stat. 


For pure nickel, the "zero" distortion of 
the lattice is determined graphically, and 
the "zero" distortion of the lattice in alloys 
can easily be calculated from formula (8). It 
appeared that in nickel and in the alloys, the 
value of Va, varies within the limits from 
0.069 to 0.076 kX, i.e. within relatively 
small limits. It can therefore be assumed 
that the "zero" distortion found in nickel 
and alloys is rather high, since the samples 


were not brought to the equilibrium state 
after hammering and therefore contained 
noticeable residual "static" distortions. 


The residual "zero" energy of the lattice 
can be calculated from the formula which is 
obtained from (3) and (4), 


wK = = x, (9) 


K2 
where K= ie m® is the "stability" of 


the lattice [12], a includes the residual 
"static" distortions and Te i.e. the "zero" 
distortions of a thermal character, @ is the 
characteristic temperature for T= 0. 


Static distortions of the lattice in 
alloys at room temperature are also readily 


determined from the data Vz, obtained after 
conversion by the standard (at @ = 350°K) 

from formula (7) by subtracting the previously 
found values of Fig. 10 gives 
values of V/ u obtained in this way as a 
function of the concentration of the alloying 
elements. These data are compared in Table 3 
with the values of obtained by 
extrapolation. 


stat. 


The data of Table 3 show that the "static" 
distortions in alloys at 20° are greater than 
at T= 0 (their value increases with tempera- 
ture). 


Since static distortions are caused by the 
substitution in the general lattice of atoms 
of one size by atoms of another size, we de- 
termined the relative change in the atomic 
radius in the lattice of the alloys. Fig. 11 
gives these changes as a function of the con- 
centration of alloying additions at 20°. To 
determine the defect of a radius r, - te, 
(r. and r, are the experimental and additive 
values of the atomic radii) the results were 
used of the measurements of the lattice para- 
meter of nickel and alloys in the range 20- 
500° (Table 4). The dependence of the defect 
of the atomic radii of the lattice, presented 
in Fig. 11 as a function of the amount of 
alloying addition, changes noticeably with 
temperature. 
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Nickel at temperatures of 20-500° 


TABLE 3. Values of Vu? for alloys. 


| (V 


calc. exper. 


stat, 


exper. 


0.022 0.028 
0.046 0.059 
0.067 0.075 
0.135 0,157 
0.049 0,055 
0.027 0,035 


creases. The addition of chromium changes the 
lattice parameter of nickel at 20 and 500° in 
the same way, but the addition of aluminium 
increases the lattice parameter more notice- 
ably at 500° than at 20°. A comparison of the 
experimental data shows that the "static" 


ee displacement of atoms in the alloys is not 
1959 } proportional to the change in lattice para- 
= meter and the defect of the atomic radii, 


HK he although the "displacement" itself is caused 
by alloying atoms. 


Content of alloying element (at. %) r 
. TABLE 4. The lattice parameter of nickel and 

FIG. 10, mupentane? of "static" alloys based on nickel in the range 20-500° 
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This is due on the one hand to the fact that 
changes in the lattice parameter and defect 
ra!" a ~ of the atomic radii are closely connected 
20". with distortions arising during alloying in 
the distribution of valency electrons and 
polarization effects. On the other hand it is 
due to the fact that the determination of the 
value of "static" displacements is based on 


It can be seen from the data of Table 4 
that at 20° the lattice of nickel increases 


somewhat with the addition of cobalt, and at 
500°, on the other hand, the parameter de- arbitrary assumptions (formula (7)). 
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HXn 0.013 
I 0,008 
Han 0.022 
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HK | 0,008 
ee 
| 
Alloy 
16,— 20 | 200 | 350 | 500 
1.2 
H 3.517 | 3.529 | 3.538 | 3.547 
. HX 3.532 | 3.544 | 3.553 | 3.561 
08 — HXy 3.547 | 3.559 | 3.568 | 3.577 
HA, 3.526 | 3.535 | 3.042 | 3.550 
3.537 | 3.546 | 3.553 | 3.561 
are oe HK 3,518 | 3.528 | 3.536 | 3.544 
Le HK 3.524 | 3.534 | 3.543 | 3.552 
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SUMMARY 


The method used in this paper is based on 
the analysis of X-ray methods for determining 
distortions in the lattice; these methods had 
previously been developed and tested by many 
authors. Measurement of the intensity of X-ray 
reflections, obtained in a camera for reverse 
exposures using a standard exposure on a 
partitioned section of the film, provides more 
accurate information on the intensity of re- 
flections, since not only is the accuracy of 
measurement increased, but also the sensitiv- 
ity of the method; there is also a decrease 
in the effect of extinction and a number of 
other factors. 


In this paper, use was made of the method 
of substitution or comparison with a standard 
material (nickel at 20°) and the method of 
comparing intensities of reflection from the 
same sample at four temperatures in the range 
20-500°. In our opinion these methods are 
perfectly reliable for investigating distor- 
tions in the lattice, although they do not 
provide information on such phenomena as the 
disturbance and distribution of valency 
electrons, mechanical defects in the lattice 
and other phenomena. 


The effect of alloying was shown and the 
character of this effect was studied. The 
lattice of nickel is distorted during alloy- 
ing with aluminium, chromium, cobalt and iron 
in a different way, the lattice distortion 
being approximately proportional to the con- 
tent of the alloying element in the alloy. At 
room temperature the lattice of nickel is most 
distorted by the addition of chromium. At 
higher temperatures the distortion of the 
nickel lattice changes and, for example, at a 
temperature of 500° it is least distorted by 
additions of cobalt. 


The temperature dependence was determined 
for the factor of lattice distortion in 
alloys of nickel with aluminium (up to 12.4 
at. per cent aluminium in the solid solution), 
nickel - chromium (up to 24.0 at. per cent 
chromium), nickel - cobalt (10.4 at. per cent 
cobalt) and nickel - iron (6.7 at. per cent 
iron) in the temperature range 20-500°. 


Nickel at temperatures of 20-500° 


It was shown that, by studying the intens- 
ity of X-ray reflections at several tempera- 
tures, the relationships of distortions of 
different types and their temperature depend- 
ences can readily be determined. 


A determination was made of the dependence 
of the characteristic temperature of alloys 
on the content of alloying additions. It was 
found that the characteristic temperature of 
alloys is not an additive value of the 
characteristic temperatures of their compo- 
nents. 


A determination was made of the dependence 
of the value of thermal mean square displace- 
ments of atoms in the lattice of alloys on 
the amount of alloying additions and on 
temperature. A study was made of the relation- 
ship between the temperature dependence of 
thermal displacements of atoms in the lattice 
of nickel and its alloys and the temperature 
dependence of the relative change in their 
Vickers hardness. 


The state of the lattice at the absolute 
zero of temperature was studied. It was shown 
that the "zero" energy in alloys is deter- 
mined by the amount of alloying addition and 
by the character of the alloying element. 


The general connexion was discussed between 
"static" displacements, which are determined 
by measuring the intensity of X-ray reflec- 
tions, the defect of the atomic radius and 
the change in the lattice parameter of the 
alloys. 


Translated by J. Thompson, 
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In the [1,2] works it was shown that at 
high temperature oxidation of carbon steel 
and iron, alloyed with arsenic, the concen- 
tration of arsenic in the superficial layer 
of the metal, adjoining the scale, increases 
considerably. In arsenic steel this phenomenon 
was discovered recently, and has not been 
clarified in detail in the literature. In 
particular, the question on the nature of the 
superficial layer of the metal, enriched with 
arsenic, deserves attention. This paper is 
devoted to this question. 


We studied the superficial layer of two 
steels with different arsenic contents and 
approximately the same amount of the other 
components (Table 1). The samples were 
tempered at 950 and 1100° in the laboratory 
electrical furnace at room temperature. The 
sections were prepared both from the external 
oxidized surface and from the cross-section 
of the sample. The surface of the sample was 
studied in layers, for which sections were 
successfully removed at 0.01 mm each. After 
polishing, the surface was etched in 5% 
solution of nitric acid. 


TABLE 1. Chemical composition of the tested 
carbon steels alloyed with arsenic 


The contents of the elements % 


Mn 


"Fiz. metal. metalloved. 7, No. 1, 91-94, 


The cross-sections were submitted to 
metallographic analysis, and radiographs were 
taken of the surface in a powder camera and 
in the KPOS-1 with chromium radiation. 


Fig. 1, a-b, shows the microstructure of 
the surface of the superficial layer obtained 
from the sample with 0.127 and 0.204 per cent 
AS after oxidation at 1100°. The sections 
were etched in 5% nitric acid to reveal the 
microstructure. From Fig. 1, a-b, it is clear 
that the surface is completely decarburized, 
but under the scale there lies a light homo- 
geneous layer separated from the matrix metal 
(ferrite) with clear delimitation. The form- 
ation of this layer was not clarified meta- 
lographically because the long etching in 5% 
nitric acid did not affect the colour of the 
layer. But when etching in 10% iodine in 
alcohol (reagent for arsenic) the layer turns 
a dark colour, and the ferrite under it re- 
mains light as before (Fig. 2 a). Such de- 
limitation in the colouring is caused by the 
high arsenic content in the layer and further- 
more by the sharp drop of arsenic concentra- 
tion on the border between layer and metal. 
It should be noted that the colour of the 
underlayer of the ferrite becomes darker. It 
follows that with increasing distance from 
the border of the layer the arsenic concen- 
tration progressively increases. (Fig. 2 6). 


It is evident from the microstructure that 
the grain size of the layer is greater than 
the ferrite. The grain size of the layer 
fluctuated 300-400 units, whereas in the 
ferrite underlayer it is between 200-210 
units. Thus it is evident from the structure 
(Fig. 1, 6) the grain size of the external 
surface of the layer is higher than that of 


1959. the interface with the main metal. 
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Carbon steel alloyed with arsenic 


FIG. 1. 


Microstructure of the superficial layer of 


steel alloyed with arsenic after the oxidizing 
annealing 


a-1100°C, 2 hr, Cas 
1100°C, 4 hr, Cyg = 0.204 per cent x 320. 
in 5% HNO, solution. 


From the X-ray analysis it was clear that 
the light surface of the layer has a body 
centred cubic structure, the parameter of 
which markedly exceeds that of ordinary 
ferrite. 


FIG. 2. 


of the same sample as in Fig. 
in 10 per cent tincture of iodine: 


These data permit the assumption that the 
surface of the layer represents a solid solu- 
tion of arsenic in ferrite. 


In Fig. 2 of steel with 0.204 per cent AS, 
are shown the parameters of the ferrite lattice 
on the external surface of the layer and at 
depth 0.02 and 0.06 mm. From this the arsenic 
concentration is estimated, whereupon the 
straight line "parameter-concentration" is 


= 0.127 per cent x 400; 6- 


Etched 


taken from[1]. As the thickness of the ex- 
ternal layer, found by direct measurement, is 
in this case not much less than mk, the last 
two lines of Table ? the parameter of the 
lattice and the concentration, represent the 


Microstructure of the superficial layer 


1 6b, but after etching 
a-x320; 6-x72. 


ferrite underlayer. We must note that the 
faint line of the ferrite underlayer existed 
also on the diffraction pattern obtained after 
the removal of the 0.02 mm layer surface. 


The concentration of arsenic in the external 
surface of the arsenic layer reached approxi- 
mately 7.4 per cent which according to data 
[3] almost corresponds to the saturation point. 
It has proved impossible to obtain a reliable 
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TABLE 2. Parameter of the ferrite lattice and the arsenic concentration 
in the superficial layer of the steel with initial contents of AS 0.204 
per cent after oxidation at 110°c during 4 hr. * 


The thickness Angle of ae» kx 
of the tested slide 
layer, mm 


AS contents 
in the 
layer 

per cent 


76°51’ 
0. { 76°56" 

78°2' 
0.06 78°2’ 


layer 

kayer 
ferrite under layer 
ferrite under layer 


* Determined by lines (112) Ka 


value of the arsenic concentration in the 
ferrite underlayer, as an error in the deter- 
mination of the lattice parameter in this 
case represented * 0.0005 kX (the distance 
between the lines was measured with up to 

* 0.2 mm precision at its dimension~ 50 mm) 
but in any case the content of arsenic in the 
ferrite does not exceed 0.15 per cent. 


Thus the arsenic concentration in the 
superficial ferrite layer is approximately 30 
times as great as that of the initial material. 
In the ferrite underlayer the arsenic con- 
centration compared with the initial material 
is decreased, which is not explained in the 
present work. * 


From the data obtained and from the fact 
of the arsenic concentrating in the surface 
layer of the metal, one can conclude that the 
mechanism of the formation of the arsenic 
ferrite layer consists in the following. In 
the initial stage the arsenic concentrates in 
the extremely thin external layer of the metal, 
which during the oxidation is in austenic 
state. That is why the more the arsenic varies 
y-zone [3,4] the phase change y > a occurs and 
during further oxidation the layer increases 
in thickness by diffusion. In other words, in 


* However, it is possible that uphill diffu- 
sion of iron and arsenic takes place here, 
as the crystal lattice in the prefrontal 
ferrite and austenite zones is altered 
heterogeneously. 


this part the mechanism is analogous to that 
proved in [5]. 


The growth of the arsenic concentration in 
the surface of the metal layer is possible 
for the following reasons. As it is assumed 
in [1], the arsenic concentrates, as a result 
of the fact that only the iron ions diffuse 
in the scale, whilst the arsenic remains. 
This mechanism corresponds to the basic idea 
in [6]. Insofar as the oxide layer is composed 
of two sublayers, and the arsenic does not 
diffuse in iron oxide [1] (this is clear be- 
cause of its complete insolubility in iron 
oxide) another mechanism for the accumulation 
of arsenic must take place. In fact the grow- 
ing sample from the external surface inwards 
into the oxide layer must force back the 
arsenic in the thin surface of the metal layer. 
It is thus, in the main, that the accumulation 
of carbon occurs in the front a-crystals in 
chrome plating of carbon steel [7]. If the 
arsenic possessed marked solubility in iron 
oxide it could accumulate in the internal 
layer, in accordance with the Pfeil mechanism. 


The mechanism of arsenic enrichment of the 
superficial layer of the metal depends on the 
mechanism of the formation of the oxide layer 
of the scale. 


SUMMARY 


1. The thin surface layer forming on carbon 
steel with arsenic mixture as a result of high 
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temperature oxidation represents the solid 
arsenic solution in ferrite. 


2. The layer of arsenic ferrite emerges as 
a result of the accumulation of the arsenic 
in the thin layer of austenite, around the 
scales, following the phasal recrystallization 


y > a. In further oxidation the layer increases 


due to the diffusion of the arsenic from the 
surface to the depth of the metal. 


3. Accumulation of arsenic in front of the 
iron oxide layer, but not in the oxide itself, 
is explained by the fact that arsenic is in- 
soluble in iron oxide. In this case the con- 
centration of arsenic in the surface of the 
metal layer must increase at the expense of 
the iron ions in the scale as well as the 
expulsion of the arsenic, forcing back from 
the surface of the sample ‘by the growing oxide 
layer. 


Translated by F. Buhler. 
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It was established by the usual methods of 
metallographic analysis that, when a friction 
surface of steel oxidizes, the diffusion of 
oxygen atoms into the plastically deformed 
surface layers takes place, as a result of 
which layers consisting of a solid solution 
of oxygen in iron and the chemical compounds 
FeO, Fe,0, and Fe,0, [1-3] are formed on the 
friction surfaces. These layers were called 
"white, non-etching layers", but still there 
is not a single opinion of their nature. 


A series of experiments was carried out 
to confirm that the white layers which form 
when the wear oxidizes are produced by the 
interaction of oxygen on iron. 


Specimens of steel St. 45 and Armco iron 
which were oxidized in the usual furnace 
atmosphere were studied. As a result it was 
established that the structure which form with 
the usual oxidation of metals in a furnace 
and as a result of friction oxidation, possess 
analogous properties [1]. 


The chemical analysis of the surface layers 
of machine parts which work in conditions of 
oxicizing friction showed that in tests taken 
in places which had white layers there was up 
to 1.5 per cent FeO [1]. 


As a result of studying the properties of 
the white layers which were obtained as a 
result of oxidizing friction after annealing 
at different temperatures, it appeared that 
their properties after annealing differed to 
a considerable degree from the properties of 


the initial metal [1]. The white layer which 
forms with the oxidizing friction changes its 
hardness and external appearance little under 
the action of high temperatures, which is in 
accordance with the data to hand on the 
stable behaviour of chemical compounds of 
oxygen and iron at high temperatures [2,3]. 


From the investigation of the dry friction 
of specimens of steel type St. 45 in various 
gases (air, oxygen, argon, nitrogen and 
carbon dioxide) [4,5] it was established that 
the white layer only forms in an atmosphere 
of gases containing oxygen. 


The chemical gas analysis of the surface 
layers of steel foil which were used as 
specimens in various forms of wear [6], showed 
that in specimens which worked under oxidiz- 
ing wear the amount of oxygen reached 0.5184 
per cent. This is almost thirty times as much 
as the amount of oxygen contained in speci- 
mens which work under other forms of wear. 


The metallographic analysis of friction 
surfaces and cross-sections of surface layers 
of specimens working in thermal wear (second- 
ary hardening) also confirmed the presence of 
white layers, the nature of which, however, 
was radically different from the nature of 
the white layers which form with oxidizing 
wear [1-3]. 


The growth of the thermal wear processes 
is observed at considerably higher sliding 
speeds or specific pressures compared with 
the conditions of the growth of the oxidizing 
form of wear, for which reason a large quantity 
of heat is concentrated in the thin surface 
layers of the metal in the friction process. 
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hardened zone of the metal is tempered and 
forms a white layer which has an austenite- 
martensitic structure. In the surface layers 
where the annealing temperature did not become 
critical, the structure of a troosite-marten- 
sitic and troositic anneal is formed. 
Analogous tempered structures arise in the 
surface layers of a metal with grinding or 
high-speed cutting [7,8]. 


Metallographic and X-ray analyses were 
made to confirm the conclusion that the white 
layer which arises with the thermal form of 
wear, grinding and high-speed cutting, has a 
tempered structure. The metallographic 
analysis showed that the white layer has an 
exceedingly fine-grained martensitic struc- 
ture.[1,2]. The X-ray analysis of the white 
layer, which arises with grinding, which was 
carried out in the Urals machine shop 
laboratory under the direction of Arkharov, 
established that in this layer there is an 
increased content of residual austenite com- 
pared with the bulk of the metal. The examin- 
ation of the annealing process of specimens 
with a white layer which has arisen with 
thermal wear showed that with an increase in 
the annealing temperature the white layer 
gradually undergoes all the stages of 
martensitic transformation and is transformed 
into a ferrite-cementite mixture which is 
uniform throughout the section of the speci- 
men. 


Some investigators examine the white layers 
without analysing the conditions of their 
formation and outside the process of their 
development. As a result of this, inaccurate 
conclusions on the nature of white layers are 
given. Palatnik, Liubarskii and Boiko set 
themselves the task of checking the supposi- 
tions expressed by different investigators 
on the structure of white layers [9]. 


The authors of this work do not differen- 
tiate between the white layers formed in the 
process of oxidizing wear and the white 
layers formed in the process of thermal wear 
and apparently consider that with friction 
despite the conditions in general, a white 
layer (white zone) is formed to which diffe- 
rent investigators attribute different 


natures. A treatment of this kind is in- 
correct and contradicts the well-known aspects 
of the science of friction and wear in metals. 


The authors [9] point out that gear teeth 
were tested, the working conditions of which 
are characterized by the high specific 
pressure and slip velocity. 


These conditions of work correspond 
completely with the conditions under which 
the thermal form of wear arises and the 
authors themselves confirm this by emphasizing 
that when gears are working in these cases 
the conjugate working surfaces may stick and, 
connected with this, defects called ribs or 
excrescences may be formed. 


From this it is seen that the white layer, 
which was subjected to the test, was formed 
as a result of the thermal form of wear and 
not of the oxidizing form, as the latter 
occurs under moderate and not large loads. 
With oxidizing, abrasion ribs and excrescences 
are not formed and sticking does not occur. 
These phenomena are in contradiction to the 
very nature of oxidation, which impedes the 
development of the hardening process. 


As a result of investigations [9] the well- 
known statement that the white layer which is 
formed in the thermal wear process has a 
tempered structure, is once more confirmed. 
Without any basis for it the authors extended 
this conclusion to the nature of the white 
layers which form in the process of oxidizing 
wear. Judging from the descriptions the authors 
did not study the white layers which arise 
with oxidizing wear. The conclusion by the 
authors in connexion with the participation 
of oxygen in the process of the formation of 
the white layer, is based on a misunderstand- 


ing. 


To confirm our hypotheses on the nature of 
the white layers and to explain the part 
played by oxygen in the mechanism of the 
oxidizing wear process, it was necessary to 
carry out the complex investigation of the 
white layers which form with oxidizing and 
thermal wear. 
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METHOD OF THE INVESTIGATION 


Specimens of steel St. 45 and Armco iron 
were tested under dry slip friction. The 
normal pressure on the specimen during the 
test was kept constant at about 10 kg/cm’. 
Slip speeds were selected which correspond to 
the occurrence of oxidizing and thermal wear 
as a result of primary hardening. 


A series of tests was carried out in various 
gases (air, argon, oxygen) to create favour- 
able conditions for the various forms of wear 
to develop. The preparation of the surface 
layers of the metal for study was carried out 
in the well-known conditions of the experiment. 
The specimens were tested on the machines 
KE-2 and KE-4[10]. 


During the study of the prepared specimens 
an X-ray diffraction study and metallographic 
analysis were carried out and the hardness of 
the friction surfaces and the surface layers 
was determined. This complex study was carried 
out taking account of the conditions of the 
formation and properties of secondary 
structures, which occur in the friction 


TABLE 1. 


process, in connexion with determined rela- 
tionships known from the theory of wear. 


A series of specimens (see Table 1) were 
prepared for the complex investigation. 


The object of the X-ray diffraction invest- 
igation was to study the phase composition of 
the fine surface layers of the secondary 
structures which form in the friction process. 
The X-ray photography was carried out using a 
narrow beam of X-rays with the diameter of 
the illuminated section 0.12-0.15 mm. The 
diameter of the X-ray chamber was 57 mm. 
Radiation from an iron anticathode was used. 
A sharp-focus X-ray tube constructed by Pines 
served as a source of X-rays. 


When examining sections with small linear 
dimensions a binocular microscope was used 
for adjusting the specimens in the X-ray 
chamber. To obviate mistakes in the analysis 
as a result of uncharacteristic sections of 
the friction surfaces accidentally falling in 
X-ray beam, uniform sections were as a rule 
X-rayed two or three times. 150 photographs 
were made in all. 


Method and conditions under which the specimens were tested. 


Medium in 

which friction 
of specimens 
was carried out 


Material of 
the specimen 


Series 
of tests 


Temperature 
of surface 
layer of 
specimen °C, 


Normal 
load on 
specimen 
kg/cm? 


Translocation 
rate 

of friction 

surfaces m/sec. 


Steel 45 
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RESULTS OF THE EXPERIMENTS 


As a result of the X-ray diffraction study, 
metallographic analysis and measurement of the 
microhardness of the friction surfaces and the 
surface layers of the prepared specimens the 
following was established. 


1. The specimens in the first series were 
worn as a result of the development of 
primary hardening processes. These processes 
arise as a result of friction at low speeds 
of moving for the friction surfaces (v < 1.0 
m/sec for steel) and specific pressures which 
exceed the creep strength of the metal on the 
sections of actual contact with the absence 
of lubrication and a protective oxide film. 
Microphotographs of surface friction and 
sections of the surface layers characteristic 
for specimens of this series of experiments 
are given in Figs. 1 and 2. Only the ferrite 
lines [110]; [200]; [211]; [220]; are observed 
on the X-ray photographs. 


FIG. 1. Microphotograph of the friction 
surface of a specimen tested in air, 
Steel 45. Slip velocity 0.4 m/sec.; x 133. 


Thus in conditions of friction correspond- 
ing to the first series of experiments 
phenomena connected with the diffusion of 
oxygen into the surface layer or with the 
tempering of this layer do not occur. 


2. Oxidizing wear is observed in friction 
conditions corresponding to the second series 
of experiments. The range of slip speeds which 
cause oxidizing wear with dry friction is in 
the limits 1.5-4.0 m/sec. 


FIG. 2. Microphotograph of the 
cross-section of the surface 


layers of a specimen tested in air. 


As a result of the simultaneous develop- 
ment of microplastic deformation and oxygen 
diffusion in the surface layers of friction 
metals, the development of the oxidizing wear 
process is accompanied by the formation on the 
friction surfaces of solid solutions of 
oxygen in iron and eutectics of chemical com- 
pounds of oxygen with iron. The layers of 
these phases are white in colour, etch badly 
and have high hardness of about 


1200 kg/mm’. 


Microphotographs of surface friction and 
cross-sections of surface layers which are 
characteristic for specimens working under 
oxidizing wear are shown in Figs. 3 and 4, 
The ferrite lines ( [110]; [200]; [211]; 
[220]; ) Feo ( [002] ); a-Fe,0, ( [211]; 
[220]; [321] ) and Fe,0, ( [i131]: [004]; 
[333]; [044] ). 


From this it is seen that the white layers 
which form in the process of oxidizing wear 
are produced by the interaction of oxygen on 
iron. 

3. The third series of experiments was 
carried out in conditions of thermal wear or 
secondary hardening wear. This form of wear 
arises with the high speeds of the relative 
motion of the friction surfaces (v > 4 m/sec), 
causing an intense rise in temperature which 
conditions the state of the thermal plasti- 
city of the metal in the surface layers of 
the friction metals. An increase in the 
temperature of the surface layer of the speci- 
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mens to 800° C and above enables this layer kg/mm, was shown on the metallographic 
to be tempered. The decrease in surface analysis of a cross-section of the surface 
friction with this form of wear takes place layers. On the X-ray photographs of sections 
as a result of the development of contact of friction surfaces with this layer lines of 
hardening processes. A photomicrograph of the the residual austenite i.e. y-Fe ([111]; 
{ 200]; [311] ) were observed apart from the 
ferrite lines ( [110]; [200]; [211]; [220] ). 
et a eS This gives reasons for the statement that the 
formation of the white layer with thermal wear 
is connected with the phenomena of tempering. 


4. The process of oxidizing wear, which is 
analogous to the process of oxidizing wear in 
air (the second series of experiments) takes 
place with slip friction in an atmosphere of 
oxygen (fourth series of experiments, v = 
1.5 m/sec. ). The microphotographs of the 
friction surface and cross-sections of the 
surface layers, characteristic for specimens 
working in an oxygen medium, are given in VOL 
Figs. 7 and 8. A large amount of FeO lines 7 
( [111]; [002]; [022] ) are observed on the 
X-ray photographs apart from the ferrite lines. 
OF This indicates that oxygen takes an active 
friction sartace of & spectses part in the process of the formation of the 


tested in sir. Steel 45. Slip white layer with oxidizing friction. 


velocity 1.5 m/sec.; x 133. 
5. Wear occurs in the process of slip 


11 
friction surface characteristic for the friction in an argon atmosphere at all speeds 
of- is Pic. of movement for friction surfaces as a result 

of the development of contact hardening. At 


The presence of a white layer produced by small slip rates (up to 3 m/sec) destruction 
tempering (Fig. 6) with hardness H,,,~ 800 occurs on account of the primary hardening, 
and at high rates (9; 10.5 m/sec.) on account 
of secondary hardening (thermal abrasion). 
Only the ferrite lines are observed on the 


FIG. 4. Microphotograph of the a = 
cross-section of the surface 

layers of a specimen tested in FIG. 5. Microphotograph of the friction 
air. Steel 45. Slip velocity surface of a specimen tested in air. 

1.5 m/sec.; x 400. Steel 45. Slip velocity 6 m/sec.; x 133. 
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X-ray photographs of friction surfaces of 
specimens working at low slip rates. 


FIG 6. Microphotograph of the 
cross-section of the surface 
layers of a specimen tested in 
air. Steel 45. Slip velocity 

6 m/sec.; x 400. 


The lines of residual austenite i.e. y-Fe 
((111]; [200]; [311] ) are observed on the 


X-ray photographs of friction surfaces of 
specimens working at high slip rates in addi- 
tion to the ferrite lines. 


FIG. 7. Microphotograph of the 
surface friction of a specimen 
tested in oxygen. Steel 45. Slip 
velocity 1.5 m/sec.; x 133. 


FIG 8, Microphotograph of the 
cross-section of the surface 
layers of a specimen tested in 
oxygen. Steel 45. Slip velocity 
1.5 m/sec.; x 400. 


6. Specimens of Armco iron which were sub- 
jected to friction in air and oxygen (sixth 
and seventh series of tests) were worn at 
rates of movement of the friction surfaces 
1.5 m/sec because the oxidizing processes took 
place. The oxidizing abrasion of Armco iron is 
similar to the form of wear in steel 45; the 
X-ray diffraction analysis of the friction 
surfaces of the specimens of Armco iron work- 
ing in conditions of oxidizing wear, showed 
apart from the ferrite, the presence of com- 
pounds of FeO 111]; [002]; [022]), a-Fe,o, 

( [211]; 101]; [220]; [321]; [310]; [1121 
and Fe,0, ( [113]; [333]; [004] ). 


Specimens of Armco iron which were tested 
in an argon atmosphere (eighth series of 
tests), were worn as a result of the develop- 
ment of the primary hardening processes at 
low slip speeds (v = 1.5 m/sec.) and secondary 
hardening processes at high slip rates (v = 
7.5 m/sec. ). The X-ray analysis of the friction 
surfaces of these specimens revealed only the 
ferrite lines. 


CONCLUSIONS 


1. Under various friction conditions the 
fine surface layers of iron and steel undergo 
radical changes in their structure and com- 
position the nature of which is determined by 
the processes of plastic deformation, thermal 
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phenomena with friction and by chemical re- 
actions of the interaction of the metal with 
the surrounding medium. 


2. Examinations of the structure and form- 
ation of the surface layers of iron and steel 
confirmed the conclusions, made in our work on 
the classification of forms of abrasion, about 
the existence of oxidizing and thermal wear 
in metals. 


3. The X-ray structural analysis of the 
friction surfaces of iron and steel showed 
that when there is wear from primary harden- 
ing thermal and chemical phenomena do not take 
place on the friction surfaces. The plastic 
deformation of the metal and also the 
emergence and destruction of the metallic 
bonds constitute the driving force which de- 
termines this form of wear. 


The chemical processes of the interaction 
of the metal with the oxygen of the air are 
the driving processes in oxidizing wear. The 
lattices of the chemical compounds FeO, Fe,0, 
were discovered in all the series of oxidiz- 
ing friction tests. 


The thermal processes, which take place as 
a result of the friction heat which forms, 
are the driving processes in thermal wear. 
With this form of wear the lattices and 
structures of austenite and austenite-marten- 
site were discovered on the friction surfaces 
of the steel specimens. 


Translated by J. Murray. 
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It is known that the mechanism of plastic 
deformation depends substantially on the rate 
and temperature of deformation. The displace- 
ment mechanism, by means of which the plastic 
deformation takes place at a low temperatures 
and high rates, is with an increase in the de- 
formation temperature and a deceleration of 
the rate gradually replaced by a mechanism 
which has been called diffusion plasticity. 
At the present time the changes in the struc- 
ture and the crystalline lattice with plastic 
deformation have been most fully studied in 


pure aluminium [1-5]. 


At low temperature and high deformation 
rates plastic deformation takes place by means 
of the formation of sub-grain structure and 
slip along the planes of the crystalline 
lattice. 


In these conditions plastic deformation 
occurs mainly as a result of slip as the weak 
thermal movement and the slight grain dis- 
orientation do not hinder the expansion of the 
displacements. 


With an increase in the temperature the 
expansion of the displacements is hampered 
because of the advancing intense thermal 
atomic movement, and the mechanism of deform- 
ation by means of slip gradually degenerates. 


At high temperatures and low deformation 
rates plastic deformation takes place mainly 
because of the formation of sub-grains. Apart 
from which with an increase in the temperature 
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the resistance to displacement in the distorted 
transitional layers between the grains falls 
faster than in the grains themselves, and for 
this reason the deformation becomes more and 
more localized along the grain boundaries. The 
localization of the deformation along the 
grain boundaries leads to a decrease in the 
stresses in the grains as a result of which 
the sub-grain dimensions increase with an in- 
crease in the deformation temperature. At very 
high temperatures and low deformation rates, 
in conditions of creep of the material, all 
the deformation is apparently concentrated on 
the initial grain boundaries and sub-grain 
formation is completely absent. 


A change in the deformation mechanism its 
accompanied by visible changes in the micro- 
scopic picture. Displacement deformation is 
characterized by the presence of a network of 
slip lines on the surface of the section. With 
an increase in the deformation temperature or 
with a decrease in the deformation rate the 
distance between the slip traces increases 
and then they disappear completely [3,5]. 


As was shown by Yakovleva [3] there is a 
connexion between the mechanism of plastic 
deformation and the mechanical properties of 
pure aluminium. 


The task in the present work was to study 
the structure of austenite steel, deformed by 
rolling at different temperatures and to try 
to establish a connexion between the changes 
in the structure and the mechanical properties 
in the viscous and brittle (after ageing) 
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MATERIAL AND METHOD OF CARRYING 
OUT THE EXPERIMENT 


The experiments were carried out on auste- 
nite steel type 60Kh4G8N8V used in the pre- 
paration of binding rings for turbogenerators. 
The specimens of this steel 11 x 11 x 60 mm in 
dimension were deformed in a laboratory hand 
rolling mill at different temperatures from 
room to 1200° (through 50°). Reduction in all 
cases was about 30 per cent. The rate of roll- 
ing was 13 mm/sec. 


Before deformation all the specimens were 
heated to 1150° and soaked for 20 min. Deform- 
ation at temperatures to 500° was carried out 
on specimens previously quenched from 1150°. 
For deformation at higher temperatures the 
specimens heated to 1150° were cooled to the 
required temperature. To prevent the develop- 
ment of the recrystallization process the 
specimens were immediately quenched in water 
after deformation. The q-enching fixed the 
deformed state of austenite and enabled the 
structure to be examined immediately after 
deformation at high temperatures. Longitudinal 
microsections were prepared to study the 
microstructure of deformed specimens. Slip 
traces are usually observed on the surface of 
polished specimens after deformation. 


In our case the sections were prepared 
after deformation. To reveal the slip traces 
the deformed specimens were subjected to age- 
ing at 700° for 2 hr before the sections were 
prepared. 


Since the austenite steel under invest- 
igation is very prone to ageing, the carbide 
phase which separates with ageing sharply 
revealed the slip traces if there were any in 
the deformed specimens. To test the resilience 
of the specimen an incision 2 mm deep was made 
on the deformed specimens. In so far as the 
viscosity of austenite steel quenched in 
water after deformation is very high, the 
resilience test was carried out at the temper- 
ature of liquid nitrogen. For this the speci- 
men was placed on an impact machine in a 
paper boat filled with liquid nitrogen. Under 
certain conditions the austenite steel under 
investigation was subjected to intensive age- 


ing, which considerably lowered its resilience. 
The effect of preliminary plastic deformation 
of the austenite on the resilience of steel 

in conditions of prolonged ageing, was studied 
by the resilience testing of the deformed 
specimens subjected to prolonged ageing. The 
resilience tests in this case were carried 

out at room temperature, 


THE STRUCTURAL PECULIARITIES OF 
THE PLASTIC DEFORMATION OF 
AUSTENITE STEEL AT DIFFERENT 
TEMPERATURES 


The examination of the microphotographs 
shown in Figs. 1 and 2 of austenite steel 
shows the substantial changes in the structure 
depending on the temperature at which the de- 
formation is carried out. The deformation at 
room temperature is characterized by the large 
quantity of slip lines which are clearly 
visible on the polished and etched surface of 
the section (Fig. la). The structure of the 
specimens deformed at temperatures up to 100°, 
does not differ substantially from the 
structure of cold-deformed specimens, since 
as with cold deformation the surface of the 
section is covered with a network of slip 
lines. However, after deformation at 150°, the 
number of slip lines is considerably reduced 
(Fig. 16). With an increase in the deformation 
temperature to 300° the number of slip traces 
on the section progressively diminishes (Fig. 
lc). In the structure of the specimen deformed 
at 500° slip traces were not revealed when the 
section was etched (Fig. 1d). 


The structure of specimens deformed at 
temperatures from 500 to 1200° is character- 
ized by the complete absence of visible slip 
traces. Even after prolonged ageing it was 
not possible to reveal any slip traces inside 
the grains. 


It is possible to conclude from the micro- 
photographs showing the structure of austenite 
after deformation at the temperatures 500, 700, 
850, 1050 and 1200° (Figs. 1d; 2a-d) that de- 
formation by means of slip along the crystallo- 
graphic planes of the lattice is replaced by 
another deformation mechanism consisting in 


Structure and resilience of austenite steel 


FIG. 1. The effect of the deformation temperature 
on the structure of austenite. 


a- deformation at 20°; at 150°: c-at 300°: - 
at 500°; x 100. 


the division of the initial large grains into At deformation temperatures 850-900° the 


grain boundaries develop the characteristic 
serrated form which with an increase in the 
deformation temperature to 120° becomes even 


It is possible to observe the appearance more distinct (Figs. 26-d). One of these 

of wide strips separating the grains, part of places highly magnified is shown in Fig. 3. 
which apparently comprises the boundaries of The mechanism of the formation of the serra- 
the twins. Deformed grains are often observed tion along the grain boundaries is not yet 
divided by a fine line into two parts which completely clear. It must be noted, however, 
are displaced relative to one another along that a similar serration of the grain bound- 
this line (Fig. 2a). The grains split into aries which is a result of the migration of 
several parts with the formation between these the deformed grain boundaries under the 
parts of serrated boundaries. The grains which influence of the stress field was noticed by 
form have a most different shape. Sperry and Beck [6] when deformed aluminium 


a series of grains as a result of which the 
large grains seem to break up. 


97 
( 
VOL. SVN 


Structure and resilience of austenite steel 


FIG. 2. The effect of the deformation temperature 
on the structure of austenite. 


a-deformation at 700°; 6- at 850°; ¢- at 1050°: 
d-at 1200°; x 100. 


FIG. 3. The form of the grain FIG. 4. The structure of a specimen 
boundary after deformation at deformed at room temperature after 
high temperature, x 334. partial recrystallization; x 100. 
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was annealed. It was interesting to try to 
establish from the picture of the initial 
Stages of recrystallization the relation 
between the deformation temperature and the 
nature of the stress distribution in the 
initial austenite grain with plastic deform- 
ation. 


As is known recrystallization begins in 
the places which are most strained. By ob- 
serving the initial stage of the recrystall- 
ization of austenite cold-hardened at diffe- 
rent temperatures, it is apparently possible 
to follow the changes in the distribution of 
the stresses with plastic deformation. 


FIG. 5. The structure of a specimen 
deformed at 450° after partial 
recrystallization; x 100. 


The microstructure of a specimens deformed 
at room temperature with partial recrystall- 
ization is shown in Fig. 4, and in Figs. 5 
and 6 the microstructure of specimens deformed 
at 450 and 850° and then partially recrystall- 
ized. As is seen from the drawings, after cold 
plastic deformation the recrystallized grains 
are produced along the slip lines, while the 
recrystallization of austenite deformed at 
850°, begins along the boundaries of the de- 
formed grains and spreads from there deep into 
the grain. The absence of slip traces in 
specimens deformed at high temperatures, the 
presence of the characteristic serrated form 
of the grain boundaries and lastly the pre- 
eminent development of recrystallization along 


the boundaries of the deformed grains, 
indicates that at high temperatures the de- 
formation is localized near the grain bound- 


aries. 


THE EFFECT OF THE PLASTIC DEFORMATION 
TEMPERATURE ON THE RESILIENCE AND 
HARDNESS OF AUSTENITE STEEL 


The results of investigations of the hard- 
ness and resilience of specimens of austenite 
steel deformed by rolling to 30 per cent at 
the temperatures, 20, 400, 500, 900, 1000 and 
1100° and quenched in water to avoud recrystall- 
ization at high temperatures are given in Figs. 


FIG. €. The structure of a specimen 
deformed at 850° after partial 
recrystallization; 100. 


7 and 8. The deformed specimens were tested 
at the temperature of liquid nitrogen (Fig.7) 
and at room temperature (Fig.8). In the last 
case the deformed specimens were subjected to 
ageing at 750° for 2 hr before the test. With 
an increase in the deformation temperature 
the resilience of cold-worked austenite in- 
creases, the hardness, however, falls. After 
deformation at 1150° the hardness and the 
resilience reach values which are close to 
the values of the hardness and resilience of 
undeformed austenite (Fig. 8). This means that 
deformation at 1150-1200° does not lead in 
practice to a hardening of the austenite. The 
hardness of deformed austenite begins to de- 
crease noticeably only with deformation above 
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600°, which is obviously connected with the 
development of relaxation processes which 
remove part of the cold hardening (Fig. 7). 


320 Hg 


T 


resilience , kg/ 


NR 


29 500 3900 1000 1100 
Deformation temperature, C 


FIG. 7. The effect of the deformation 
temperature on the resilience and 
hardness of austenite steel] 60Kh4G8N8V. 


The hardness of specimens deformed and 
afterwards subjected to ageing at 750° is 
reduced from the very beginning owing to the 
partial relaxation at the ageing temperature 
and in this case it does not vary up to 900° 
(Fig. 8). 


The different course of the change in the 
hardness and the resilience with am increase 
in the deformation temperature leads to 
austenite possessing a considerably higher 
resilience after deformation in the range 
400-500°, than after cold deformation with 
the same hardness. 


Thus the deformation of austenite at the 
temperatures 400-500° gives advantages in the 
plasticity compared with cold deformation. 


It was established in the works [7,8] 
carried out on the usual construction alloyed 
steels that a small plastic deformation (10- 
20 per cent) of austenite above as, with the 


subsequent rapid tempering to martensite which 
ensures the absence of the recrystallization 


of deformed austenite, substantially decreases 
the first and second order brittleness when 
annealing tempered steel. 


The supposition was put forward that the 
change in the structure of austenite caused 
by hot plastic deformation leads to another 
distribution of the excess phases which are 
responsible for the temper embrittlement. The 
martensitic structure, however, which is pro- 
duced on the rapid cooling of construction 
steels hindered the development of the 
structure of deformed austenite. The examina- 
tion of steel of the austenite class enabled 
the peculiarities of the austenite structure 
deformed at high temperatures to be clearly 
revealed (see Figs. 1 and 2). On the other 
hand the austenite steel under investigation 
is very prone to ageing with annealing and to 
the transition to the brittle state owing to 
the separation of the carbide phase. For this 
reason it was interesting to attempt to 
establish more precisely the connexion between 
the structure of the deformed austenite and 
the resilience under brittle state conditions 
caused by the prolonged ageing of the auste- 
nite steel. 


The impact specimens were heated to 1150° 
and then transferred to another furnace where 
they were cooled to 1050, 950 and 900°. Part 
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FIG. 8. The effect of ageing on the 
resilience and hardness of the 
austenite steel 60Kh4G8N8V undeformed 
and deformed at various temperatures. 
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of the specimens was deformed by rolling to 

30 per cent at these temperatures and to avoid 
recrystallization was immediately quenched in 
water. The other part of the specimens was not 
deformed and was also quenched in water from 
the indicated temperatures. The both specimens 
were simultaneously subjected to ageing at 
750° for 32 hr. The results of determining the 
resilience and hardness of deformed and unde- 
formed specimens is given in Fig. 9. The 
specimens deformed at high temperatures and 
rapidly cooled to avoid recrystallization as 
was expected received some cold hardening and 
have a higher hardness compared with the speci- 
mens which were not deformed. However, what 
is particularly important, the deformed speci- 
mens have also a substantially higher resi- 
lience. 


qT 


ad 
‘~ 
© 


T 


1059“ 
Deformation temperature, 


FIG. 9. The effect of hot plastic 
deformation at various temperatures 
on the resilience and hardness of 
austenite steel 60Kh4G8N8V after 
ageing for 32 hr at 750°. 


H- heating to 1150° cooling to the 
test temperature and tempering. 
D-the same but before tempering 30 
per cent deformation. 


Characteristic signs of the austenite 
structure deformed in the range 900-1200° are: 
the absence of slip traces inside the grain, 
the division of the initial grains into 
smaller grains and the serration of the grain 
boundaries (see Fig. 2). 


Thus a higher resilience of the specimens 
deformed at the indicated temperatures com- 
pared with the undeformed specimens can be 
explained by the breaking down of the initial 
grains into smaller grains and by the serra- 
tion of the deformed grain boundaries which 
hinders breakdown along the grain boundaries. 
The appearance of the fracture of the speci- 
mens confirms this supposition: the undeformed 
specimens have the characteristic shiny 
fracture along the grain boundaries while the 
deformed specimens reveal a dull fibrous 
fracture. 


CONCLUSION 


The use of austenite steel and the method 
of rapid cooling of the deformed specimens 
in water, which eliminates the development of 
recrystallization at high temperatures, 
enabled the structure of austenite deformed 
in a wide temperature range from 20 to 120° 
and its mechanical properties to be invest- 
igated. 


The observed picture of the changes in the 
structure of austenite with an increase in 
the deformation temperature is in general 
analogous with the results obtained on poly- 
crystalline pure aluminium 1-5 and it enables 
conclusions to be drawn on the mechanism of 
plastic deformation. At low temperatures the 
deformation takes place by means of slip 
which with an increase in the temperature is 
replaced by the mechanism of grain formation. 
The absence of slip traces inside the 
austenite grain deformed at high temperatures 
and the fact of the development of recrystall- 
ization along the grain boundaries indicate 
that with an increase in the temperature the 
deformation becomes more localized on the 
grain boundaries. In contrast to the other 
works the present investigation was carried 
out at a high rate of deformation and at 
great reduction, i.e. in conditions approach- 
ing those used in the hot treatment of metals 
by pressures. The results obtained lead to 
the conclusion that the mechanism of grain 
formation and diffusion plasticity observed 
at high temperatures is not an exceptional 
peculiarity of metal creep under a load, but 
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lies at the basis of actual processes of the 
mechanical treatment of metals at high 
temperatures. 


For this reason it can be supposed that an 
increase in the temperature has a more power- 
ful effect on the change of the plastic de- 
formation mechanism than the change in the 
rate of deformation. 


The mechanical properties of austenite de- 
formed at various temperatures with the ab- 
sence of the development of the relaxation 
and recrystallization processes are in agree- 
ment with the structure and mechanism of 
plastic deformation. 


Deformation of austenite at 400-450° gives 
a more favourable calculation of the resilience 
and the hardness than cold deformation. 


Experiment shows that cold hardening of 
austenite in the temperature range 900-1100° 
leads to a noticeable decrease in the 
brittleness of austenite steel caused by pro- 
longed ageing. 


A decrease in the brittleness may be 
connected with the mechanism of plastic de- 
formation (grain formation) and with the 
serration of the deformed grain boundaries 
which increases the extent of the inter- 
granular boundaries and hinders breakdown 
along the grain boundaries. It can be stated 


that the reason for the effect of deformation 
on the decrease in the temper embrittlement 
in construction steels is contained precisely 
in these peculiarities of the plastic de- 
formation of austenite. 


Translated by J. Murray. 
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Nitriding which is widely used in industry 
takes place in a medium of dissociated 
ammonia. The effect of nitriding is obtained 
by the saturation of the surface of the metals 
with nitrogen which is in an atomic state when 
the ammonia dissociates. 


The role of hydrogen, whose content in the 
gaseous phase is considerably greater than 
that of nitrogen, has not been studied 
sufficiently. The effect of hydrogen on the 
nitriding process and the properties of the 
nitrided layer can expand in the following 
directions: ° 


1. With an increase in the quantity of 
hydrogen in the gaseous phase the latter 
occupies a greater number of the active 
centres on the nitrided surface, hinders the 
absorption of nitrogen and at the same time 
retards the nitriding process [1]. 


2. An increase in the hydrogen concentra- 
tion in the gaseous phase displaces the flow 
of the reversible nitride-forming reaction to 
the left 


n Me + m NH, = Me, N,, +3mH, 
where Me is the metallic element. 


Consequently the excess of atomic hydrogen 
in the gaseous medium leads to the denitriding 
of the steel, lowering the surface concentra- 
tion of nitrogen [2]. By eliminating the 
hydrogen from the gaseous phase, it is possible 
to accelerate the nitriding process. By 
putting ferrosilicon into a nitriding furnace, 
it is possible to obtain the formation of the 
silane SiH,, to decrease the amount of hydro- 


* Fiz. metal. metalloved. 7, No.1, 110-115, 
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gen in the gaseous phase and accelerate the 
process [3]. 


3. At nitriding temperatures the hydrogen 
must cause the decarburization of the surface 
of the metal because of the formation of 
hydrocarbons and the breakdown of the carbides 


(21. 
Me,C,, + PH Me +C,,H,. 


This reaction increases the brittleness 
and lowers the surface hardness of the nitrided 


layer. 


4. Since hydrogen has a small atomic radius 
it easily diffuses into the metal, causing a 
decrease in the plastic properties and the 
emergence of brittleness on the nitrided layer 
[2,4]. With an increase in the degree of dis- 
sociation of ammonia and in the quantity of 
hydrogen in the gaseous phase the effect of 
its action must increase. 


However, not all these aspects of the 
action of hydrogen in the nitriding process 
are confirmed experimentally. Minkevich [5] 
quoting the data of investigators who did not 
discover an increased hydrogen content after 
the nitriding of steel, explains this by the 
fact that with slow cooling after nitriding 
the hydrogen succeeds in evolving almost 
completely from the steel. These investiga- 
tions [1] did not support the conclusions of 
Iur’ ev on the increase in the brittleness of 
the nitrided layer with an increase in the 
degree of dissociation of ammonia. On the 
contrary a decrease in the brittleness with 
an increase in the degree of dissociation of 
ammonia was established. Lakhtin [1] quotes 
the data of Cohen, according to which hydrogen 
acts as a decarburizing medium only on the 
non-nitrided surface. After the surface of the 
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metal has been saturated with nitrogen the 
decarburizing action of hydrogen practically 
ceases. 


The hydrogen content in the steel after 
nitriding was determined in reference [4] and 
the favourable effect of slow cooling after 
nitriding or additional annealing on the de- 
crease in the hydrogen content and the direct 
connexion between the hydrogen content and the 
defects of the nitrided surface, were 
established. 


Impact values and the hydrogen content 
after nitriding metals with different coatings 
are given table 1. From the table it is seen 
that if a coating of tin and copper completely 
protects the metal from impregnation by 
nitrogen, hydrogen diffuses into steel with 
either of them, but more intensely with a 
phosphate coating. Additional annealing at 
100-200° increases the impact strength of the 
nitrided specimens which can be explained by 
evolution of the hydrogen in the nitrided 
steel. 


It is interesting to note that the hydrogen 
content in the surface layer of the block with 
defects on the nitrided surface is consider- 
ably greater (2.43 cm? per 100 g steel) than 
in. the examined specimens. 


To study the decarburizing effect of 
hydrogen during nitriding tests were carried 
out to examine the change in the carbon con- 
tent in a shaving under prolonged nitriding 
and also tests were made to examine the cdm- 
position of the carbonitride phases and the 
distribution of carbon throughout the depth 
of the nitrided layer. 


THE CHANGE IN THE CARBON CONTENT 
UNDER PROLONGED NITRIDING 


Shavings of different types of steel and 
iron were put in sacks of brass wire mesh and 
nitrided in production conditions together 
with complete shells in the furnaces PNA-1 
according to the regime: 


TABLE 1. Impact strength, depth of the layer and hydrogen content 
after nitriding with various coatings 


Impact strength kg-m/em2 Hydrogen 
content 
Coating before Depth of Before After After after 
nitriding layer, mm nitriding nitriding nitriding nitriding, 
and anneal em? per 
at 100- 100 g 
200° steel 
Without coating 0.65 11,52 3.2 5.4 1.28 
Parkerizing 0.70 3.2 4.8 
Tinplating nothing L152: 8.3 8.5 1.10 
Coppering nothing 1152 9.0 10.2 0.745 


Note. Before nitriding the specimen billets were quenched from 940° in water and annealed at 
640°. The value for impact strength is an average for 30 specimens; the hydrogen content is 
the average for 3 calculations. The hydrogen content was determined by hot extraction in a 


vacuum at 600°, 
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(a) heating to 510 * 5° and soaking at this 
temperature for 12 hr. The degree of dis- 
sociation of ammonia was not higher than 35 
per cent; 


(b) heating to 540 + 5° and soaking at this 
temperature for 38-45 hr. The degree of dis- 
sociation of ammonia was not higher than 65 
per cent; 


(c) cooling in a current of dissociated 
ammonia (from the adjacent chamber) to 200°. 


10 sacks with shavings of one type of steel 
were prepared simultaneously. When the nitrid- 
ing process was finished all the sacks were 
removed, part of them was chemically analysed 
and the rest were again nitrided. In this way 
the carbon content in a nitrided shaving was 
determined from 1 to 10 cycles. The results 
of the series of tests are given in Table 2. 


From Table 2 it is seen that with an in- 
crease in the duration of the nitriding the 
carbon content in the shaving falls sharply 
which is the result of the decarburizing 
effect of hydrogen. 


The following tests were made for the 
additional verification of these data. A 
strip of steel 65G 0.15 mm thick was nitrided 
from 1 to 8 cycles. Half of the specimens was 
nitrided in the usual way and half in little 
bags filled with coal. The data on the carbon 
content after this nitriding are given in 
Table 3. 


The tests showed that nitriding in coal 
gives considerably less decarburization than 
the usual nitriding. This is explained by the 
fact that hydrogen reacts partially with the 
coal surrounding the specimens and its de- 
carburizing effect becomes less. 


The change in the carbon content with the prolonged 
nitriding of a shaving 


TABLE 2. 


Carbon content % 


Number of In steel {n oil-bearing iron 
nitriding 


cycles 


38KhMIuA General Combined 


Initial 


state 0.70 


0.12 
0.13 
0.17 
0.10 


0.38 
0.10 
0.09 
0.06 
0. 06 


0.38 
0.12 
0.11 
0.055 
0.052 
0.07 
0.03 0. 20 


0. 06 0.12 
0.06 


traces traces 


traces 
0.05 
0.04 


o ow rr WO 


traces 
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TABLE 3. The change in the carbon content 
in steel 65G under prolonged nitriding 


Carbon content % 


Number of 


nitriding With normal With nitriding 
cycles nitriding in coal 


Initial state 0.64 
0.58 
0.34 
0.19 
0.06 
0.04 
0.03 
0.04 
0.01 


- 64 
- 59 
- 48 
13 
13 
05 
05 


THE COMPOSITION OF THE CARBONITRIDE 
PHASES UNDER THE PROLONGED 
NITRIDING OF STEEL U10* 


The method proposed for determining the 
carbide phase in carbon steel [6] was used to 
separate the carbonitride phases. 


The specimens of steel U10 15 mm in dia- 
meter and 50 mm in length were nitrided after 
parkerizing according to the above-mentioned 
regime in one to five processes. After weigh- 
ing the specimens were fastened to a copper 
wire; the ends and the wire were covered with 
a layer of paraffin. 


A specimen prepared in this way was put 
into an electrolytic cell (the construction 
of the cell: three litres of a normal solution 
of potassium chloride with 0.5% citric acid 
added, a cylindrical iron cathode and a 


* Part of the experimental work was carried 
out by a student of the Ural Polytechnical 
Institute, L.V. Kudriavtseva. 


collodion membrane separating the cathode 
space from the anode). The conditions under 
which the electrolysis was Carried out are 
given in Table 4. When the electrolysis was 
completed the carbonitride deposits were 
collected in a beaker with water, filtered 
through filter paper carefully washed in cold 
water and chemically analysed. The change in 
the carbon content in the carbonitride phase 
is seen from Table 4. 


From the data in Table 4 it is seen that 
with an increase in nitriding time: 


(a) The amount of the carbonitride phase 
increases at the beginning and then begins to 
decrease, but it still does not attain the 
content of cementite in the initial state. 

The increase in the amount of the carbonitride 
phase takes place as a result of the formation 
of nitrides; 


(b) The amount of carbon in the carbo- 
nitride phase decreases which is a result of 
the increase in the quantity of the carbo- 
nitride. phase and the decarburizing action of 
hydrogen. 


Hydrogen in the 


nitriding of steel 


TABLE 4. The electrolysis conditions and the composition of the carbonitride 
phases of the nitrided layer of steel] U10 


Electrolysis 


regime Thickness 


of etched 
Number of Current Duration nitrided 
cycles min layer, mm 


Composition of 


Loss in carbonitrides 
weight of | Amount of g, 


specimen, carbonitrides 
Nitrogen 


Initial 
state 


0. 03-0.00 
0.04-0.02 
0.20 

0.4 0.16 

0.4 0.2 
0.4 0.2-0.4 
0.4 0.2-0.4 
0.4 0. 25 
0.4 0.3 


1.5360 
0.3810 
0. 2504 
0.5960 
0.5728 
0.6408 
0.6174 
0.6478 
0.6282 
0.6764 


Note. The temperature of the electrolyte was in the limits of 99°, 


THE DISTRIBUTION OF CARBON 
THROUGH THE NITRIDED LAYER 


Specimens of steel U8 18 mm in diameter and 
22 mm in length were nitrided according to 
the above-mentioned regime in 2 and 3 cycles. 
Then layer-by-layer determination of the 
carbon content was carried out on them by the 
spectrum method*. 


A high-frequency spark oscillator of their 
own manufacture was used as a source of 
excitation of the spectrum. The spectral 
analysis of carbon was carried out by the 
method of three standards according to the 
following regime of work for the oscillator: 
current - 1.5 A, capacity - 0.01 pF, inductance - 
10H, exposure 60 sec, gap between the 
electrodes of the discharger - 2 mm. A bar of 


* Spectral analysis carried out by engineer 
G.V. Chentsova. 


industrial magnesium 8.00 mm in diameter and 
40-60 mm in length ground in the working 
section to a cylinder 1.5-1.6 mm in diameter 
and 5-10 mm in length, served as a standard 
electrode. 


The space between the electrodes was 1 mm. 
The spectra were photographed on the spectro- 
graph ISP-22 with an aperture width of 9.02 
mm. Type III spectral photographic plates were 
used with a sensitivity of four units accord- 
ing to the National Soviet standard. The 
plates were developed in metol-hydroquinone 
(developing time - two minutes with temperature 
of the developer 18-20°). 


The mean relative error in determining the 
carbon by the spectral method compared with 
the chemical method is 5-6 per cent. The dia- 
meter of the sparking spot was equal to 3-4 mn, 
the depth of the layer pierced by the spark 
0.008-0.01 mm. The nitrided layer was removed 
by rubbing it on fine emery cloth. 
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The results of determining the carbon 
content in these specimens are given in Figs. 
1, 2 and 3. It is seen from the drawings that 
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FIG. 1. The distribution of carbon through the 
nitrided layer of steel U8 (first cycle) 


as the nitration time increases the amount of 
carbon in the surface layer decreases from 
0.76 to 0.40 per cent after the first cycle, 
to 18 per cent after the second cycle and 
to 0.123 per cent the third cycle of nitrid- 
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FIG. 2. The distribution of carbon through 
the nitrided layer of steel U8 (second cycle)’ 
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FIG. 3. The distribution of carbon through 
the nitrided layer of steel U8 (third cycle) 


ing. Between the decarburized and the central 
zone there exists a region in which the carbon 
content exceeds the initial content (1.0 per 
cent carbon with 0.76 per cent in the centre). 
This phenomenon needs additional investigation. 


ON THE NATURE OF THE INTERACTION 
OF THE HYDROGEN OF THE GASEOUS 
PHASE AND THE CARBON OF THE STEEL 


The following experiments were carried out 
to determine tha gaseous compounds obtained 
as a result of the interaction of atomic 
nitrogen and hydrogen from the surface of the 
steel: 


1. Into a bubbler * an alkali solution was 
poured instead of water. After four nitriding 
cycles the presence of sodium cyanide was dis=- 
covered. 


2. A porcelain boat with a weighed portion 
of potash was placed in the nitriding furnace. 
After nitriding, 3.64 per cent of potassium 
cyanide was discovered. 


3. After five nitriding cycles of the steel 
U10 the friable surface layer in which 0.72 
per cent of cyanide compounds was discovered 
was scraped off the specimens. 


These tests showed that with nitriding one 
of the possible gaseous compounds obtained as 
a result of the interaction of the gaseous 
phase with the carbon of the steel was hydro- 
cyanic acid. 


In our tests on the nitrocementation of 
steel [7] it was also found that the waste 
gases contain up to 0.20 per cent of cyanide 


compounds. 
CONCLUSIONS 


1. When the carbon on the surface of steel 
is nitrided it reacts with the gaseous phase 


* A vessel with a glass wall filled with 
water through which the waste gases pass. 
According to the nature of the movement of 
the gas bubbles it is possible to judge 
the progress of the nitriding process. 
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(On the nature of the defects of the 

nitrided surface in steel] 38KhMIuA., 

Trud. Central Scientific Research Insti- 
2. A decrease in the carbon content in the tute, No. 5 (26) (1946). 

surface layer lowers the surface hardness of 

the nitrided layer and increases its brittle- 3. R.I. Mishkevich, P.I. Solntsev and A.V. 

ness. Smirnov, Metallovedeniye i obrabotka 

metallov, 2 (1957). 


forming gaseous compounds (cyanide and 
probably hydrocarbon). 


3. One of the reasons for the transfer of 
the maximum hardness deep into the nitrided 4. S.S. Nosyreva, T.M. Pogrebetskaya and A.A. 
layer is the decrease in the carbon content Iurgenson, Tekhnologiya transportnogo 
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Up to the present time there are no experi- 
mental data on the direct determination of 
the variation in Young’s modulus for sub- 
stances with increase in the hydrostatic 
pressure. This is brought about by the 
technical difficulties, which arise during 
the design of the proper method of investiga- 
tion, which at first sight seem almost in- 
surmountable. 


In the case of studying the modulus of 
rigidity of solid bodies under pressure the 
position is somewhat better. In 1929 Bridgman 
[1] made quite a simple apparatus for measur- 
ing the modulus of rigidity of substances, 
specimens of which could be prepared in the 
form of a spiral spring. The general scheme 
of the apparatus is shown in Fig. 1. 


FIG. 1. The drawing 

of the apparatus for 
measuring the modulus 
of rigidity of sub- 
stances under pressure 
(according to Bridgman). 


1- specimen; 2 - projection- 
contact; 3 - load. 


The specimen, the spring 1, was suspended 
from a small metal frame. A small weight 3 
was attached to the lower end of the spring 
on a fine manganin wire. As can be seen from 
the drawing when the frame of the apparatus 
is in a vertical position the manganin wire 
touched the sharp projection-contact 2. A 
little lower a fine copper conductor was 
soldered to it. When the whole apparatus was 
assembled it was put in a high pressure 
chamber. The small movements of the weight 
and consequently of the extension of the 
spring were measured by a special potentio- 
metric circuit which contained a sliding 
contact. When the pressure in the chamber was 
increased the length of the spring changed 
as a result of the change in the resilient 
properties of the substance under investiga- 
tion. The pressure coefficient of the shear 
modulus of the substance under investigation 
was calculated from the magnitude of the ex- 
tension or contraction of the spring (by the 
appropriate calculations). To obtain true 
results from this method corrections were in- 
troduced into the calculations which took 
into consideration the compressibility of the 
liquid and the substance under investigation, 
the magnitude of the friction of the wire on 
the contact, the change in the linear dimen- 
sions of the spring etc. 


In 1937 Birch [2] in order to measure the 
shear modulus of a substance under pressure 
employed an electrodynamic method consisting 
in torsional oscillations being excited 
electromagnetically in a cylindrical specimen 
which had been placed in a high pressure 
vessel. Attempts to study the effect of 
pressure on the Young’s modulus by the excita- 
tion of longitudinal oscillations in the 
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because large disturbances arose which were 
caused by the presence in the vessel of the 
high pressure of the powerfully compressed 
medium. 


Later Lazarus [3] Hughes and Maurette [4] 
using an ultrasonic impulse technique measured 
the adiabatic propagation velocities of trans- 
verse and longitudinal waves in various sub- 
stances under pressures of up to 10,000 atm. 
They succeeded in obtaining values of Young’s 
modulus for certain crystallographic 
directions in these substances only by the 
appropriate conversion. 


The static method for the direct experi- 
mental study of the dependence of Young’s 
modulus on pressure is proposed in this work. 
The method is based on the measurement of the 
magnitude of the rigidity of a cantilever 
girder-specimen when hydrostatic pressure is 
applied. This determination is connected with 
the restoration of the initial magnitude of 
the deflexion of the cantilever girder-speci- 
men which is firmly fixed in a high pressure 
chamber, by turning the chamber through a 
certain angle Aa, the magnitude of which de- 
termines the variation of Young’s modulus with 


pressure. 


It is known that the deflexion 6 of a 
firmly fixed cantilever girder is determined 
by the formula 

3EJ 8EJ 3EJ 


where Q’ = Q+ 3/8 Q); Q is the concentrated 
load on the end of the girder (kg); Q) is the 
weight of the overhang of the girder (kg); 1 
is the length of the overhang of the girder 
(cm); E is Young’s modulus for the girder- 
specimen (kg/cm’); J is the moment of inertia 
of a section of the girder (cm). 


In the case when the girder is disposed at 
some angle to the horizontal (90°-a) the de- 


flection will be determined only by the com- 
ponent of the concentrated load normal to the 
axis of the girder. From this the value of 
Young’s modulus is 


2 
E sin‘a, (2) 


where a is the angle of inclination of the 
chamber (the girder-specimen is fixed along 
the axis of the chamber). By increasing the 
hydrostatic pressure and by keeping the 
magnitude of the deflexion & constant by 
turning the chamber, it is possible to reach 
according to (2) that position where the 
relation for Young’s modulus E will be de- 
termined only by the magnitude of the angle 
of deflexion of the chamber a - But because 
of the circumstance that under pressure all 
bodies contract and the magnitudes of Q, Q), 
1, 5, J are not kept constant, the appropriate 
corrections have to be introduced when carry- 
ing out the experiment. 


Differentiating the equation (2) for 
pressure we obtain the formula for determin- 
ing the pressure coefficient of Young’s 
modulus 


de 
E dp tana dp Q’ 


dd 


The magnitude of the correction from the 
second term 1/Q’ - d@Q/dp is determined only 
by the change in the "buoyancy" of the load 
and the specimen under pressure, i.e. it de- 
pends on the relation between the specific 
gravity of the liquid and the specific gravity 
of the material of the load and the material 
of the specimen and also accordingly on their 
compressibilities. It can be expressed in the 
following way: 


¥ 
——— (xz — %) 
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where x, is the compressibility of the liquid 
(cm*/kg); x, is the Syeeeipammenced of the 
specimen; girder (cm 2 /kg); x, is the compress- 
ibility of the material of the load (cm*/kg); 
y, is the specific gravity of the liquid at 
atmospheric pressure (g/cm’); y, is the 
specific gravity of the material of the speci- 
men-girder at atmospheric pressure (g/cm); 
y, is the specific gravity of the ee of 
the load at atmospheric pressure (g/cm? ); Vy 
is the volume ae by the overhang of the 
specimen-girder (cm? the volume 
occupied by the load (cm? ). 


The quantitative analysis of the other 
terms in the equation (3) carried out by us 
show that in the main the correction arises 
from the second term, the last three terms 
introduce a maximum error into the data of 
the measurement under pressure of up to 5,000 
kg/cm’ of not more than 0.1 per cent (since 
1dJ/Jdp = 4d1/ldp they almost completely 
cancel each other out). 


The measurement of the effect of the 
pressure on the magnitude of Young’s modulus 
is made on the angle of deflexion of the 
chamber, because all the effect of the influ- 
ence of pressure is basically determined by 
the term 1/tan a x da/dp. This is achieved 
only in the case when y, >> y, i.e. the 
correction for the buoyancy 1/Q’ - dQ’/dp 
does not play a substantial role when evaluat- 
ing the whole effect. 


In practice it is usually very difficult 
to reach such a position. For example in our 
case when the load was prepared from copper 
(y, = 8.5 g/cm’) and as a compressing liquid 
a mixture of kerosene and transformer oil was 
taken (y= 0.85 g/cm’), then y /y, = 


Then under pressures of 3, 000-5, 000 kg/cm? 
the correction for the buoyancy was of the 
order of 1-2 per cent which is commensurate 
with the magnitude of the effect being deter- 
mined. Thus it will be necessary in the 
future to select the appropriate conditions 
for the experiment so that the correction for 
the buoyancy should be a minimum 


12> 15020, V, < V,). 
Tz 


As is seen from the equations (3) and (4) 
the method in question together with deter- 
mining the pressure coefficient of Young’s 
modulus for solid bodies enables the compress-~- 
ibility of liquids to be measured fairly 
accurately. In this case the compressibility 
of the liquid under investigation x is cal- 
culated from the measured magnitude 1/tane- 
da/dp from the equations (3) and (4) and the 
pressure coefficient of Young’s modulus 
(1/E)(dE/dp) will now play the role of the 
correction term. At the same time the material 
of the cantilever girder must be chosen with 
the minimum pressure coefficient of Young’s 
modulus, and the ratio y,/y, must have an 
order of magnitude of a few units. 


The proposed method enables the compress- 
ibility of the liquid exerting pressure on the 
specimen and the variation in Young’s modulus 
of the specimen itself with pressure to be 
determined simultaneously. As will be seen 
from the equations (3) and (4) it is sufficient 
to carry out two tests in succession to deter- 
mine the angles of deflection of the chamber 
(1/tan a)(da/dp). Tests must be carried out 
on the same specimen and in the same liquid 
but with different loads (according to their 
specific gravities). The results of the tests 
enable the magnitudes x, and (1/E)(dE/dp) to 
be calculated from the system of two equations. 


An experimental high pressure apparatus was 
prepared to measure the pressure coefficient 
of Young’s modulus. The basic element of the 
apparatus was made in the form of a special 
steel mandrel shown in Fig. 2. 


FIG. 2. The basic element of the apparatus 
for measuring Young’s modulus of substances 
under pressure: 


1-specimen; 2-tong clamps; 3- centring 
device; 4- load; 5-contacts; 6- covering 
plates; 7-electric leads. 


vol 
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The specimen | in the form of a length of 
wire is inserted into tong clamps 2. The 
centring device 3 enables the moment when the 
contacts 5 close to be determined at the 
chosen deflexion angle of the mandrel. To 
check the moment of contact of the two con- 
tacts an accurate sensitive circuit was used 
with an electron-ray adjustment indicator [5]. 


The load 4 was selected with a weight of 

- 0.4-0.6 g (the stress arising in the specimen 
due to this did not exceed 100 kg/cm?) and 

was usually prepared from the same material 

as the specimen (except in tests on aluminium). 


The assembled mandrel was put in a high 
pressure chamber and firmly fixed to it by 
two cover plates 6. 


The high pressure in the chamber was 
created by the high pressure compressor de- 
signed by Vereshchagina, calculated for a 
liquid pressure of up to 6,000 kg/cm?. An 


electric lead-in is provided for in the chamber 


stretched over a conic ebonite plug. The 
second end of the leads 7 is attached to the 
mass of the chamber. A description of the 
pressure chamber, the electric lead-in, the 
compressions etc. has been left out by us 
because high pressure equipment for work with 
liquid under pressures of up to 5,000 kg/cm? 
have been widely circulated at the present 
time [6]. 


The apparatus as a whole has been con- 
structed so that it enables the high pressure 
chamber to be turned about a horizontal axis 
in the range up to 90°. The chamber is turned 
by a worm-gear reducer with a gear ratio of 
16. A scale is situated directly on the 
pressure chamber for the approximate deter- 
mination of the initial angle of deflection 
of the chamber. For the precise determination 
of the initial angle of deflection of the 
chamber and of its change with the pressure 
there is another scale situated on the primary 
spindle of the reducer and constructed in the 
shape of a dial with graduations of one degree. 
Hence it is possible to determine the absolute 
angle of :deflexion of the chamber with an 
accuracy of up to 1/16°. 


The working of the apparatus consists 
briefly of the following. At the beginning of 


the experiment by turning the high pressure 
chamber at atmospheric pressure the mandrel 
with the specimen takes up a position so the 
contacts 5 close. If Young’s modulus of the 
substance under investigation grows as the 
pressure increases and consequently the de- 
flexion of the specimen-girder decreases, 
then it is sufficient to create a small 
pressure in the chamber so that the contacts 
break. For the second contact to be made (at 
the given pressure) it is necessary to turn 
the chamber through an additional angle of 
Aa, etc. Hence the relation between the angle 
of deflexion of the chamber and the magnitude 
of the hydrostatic pressure is determined both 
when the pressure is increased and decreased. 


The dependence of Young’s modulus on the 
pressure was determined on the metals 
(electrotechnical aluminium and copper with 
an impurities content of 0.05-0.15 per cent 
steel 50). The specimens were prepared from 
wire 0.7-1.0 mm in diameter. Lengths of wire 
of 110 mm were straightened by rolling on a 
flat surface, after which they were annealed 
for two hours in small batches of 5-6 pieces 
at the appropriate temperatures with subse- 
quent cooling together with the furnace. Each 
of the specimens obtained was inserted in the 
tong clamps so that the length of the project- 
ing part (the length of the overhang) was 
85 mm. 


A mixture of kerosene and transformer oil 
the compressibility of which was established 
on the same apparatus (Fig. 3) was chosen as 
a medium to exert high pressure on the speci- 
men. When the compressibility of the mixture 
(according to the formula (4)) was determined 
various loads were used which differed con- 
siderably in their specific gravities (steel 
and porcelain). 


The tests were carried out at room temper- 
ature (20° C). Readings were taken every 1,000 
kg/cm? when the pressure was increased and 
decreased. The results of the tests on the 
direct measurement of the pressure coefficient 
of Young’s modulus of the investigated metals 
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FIG. 3. Curve of the compressibility 
of the working mixture (50 per cent 
kerosene, 50 per cent transformer oil). 
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FIG. 4. The dependence of Young’s 
modulus for substances on the 
pressure: 


1- aluminium; 2-copper; 3- Steel 50. 


are given in Fig. 4. The adduced experimental 
values (1/E,)(dE/dp) are the mean values of 
separate measurements carried out on three 
specimens and corrected in accordance with 

the formula (3). The maximum discrepancy in 
the results of the separate measurements of 
the pressure coefficient of Young’s modulus 
from the mean value as is seen from the spread 
of experimental points plotted in Fig. 4 by 
the vertical intercepts, was on the average 
10 per cent under a pressure of 4,000 kg/cm’, 
which is not more than 0.5 per cent from the 
magnitude of Young’s modulus itself. The 
reproducibility of the results with the in- 
crease and the removal of the pressure was 
completely satisfactory, hysteresis was not 
observed. Within the limits of the accuracy 
of the experiment a deviation from the linear 


relation of the pressure coefficient of 
Young’s modulus of the investigated substances 
was not discovered. 


A comparison of the experimental data ob- 
tained by us directly with the data which was 
calculated is given in a separate work [7]. 


CONCLUSIONS 


1. A static method for the direct determi- 
nation of the dependence of Young’s modulus 
for solid bodies on the hydrostatic pressure 
is proposed. 


2. As well as determining the pressure 
coefficient of Young’s modulus for solid 
bodies, the method also enables the compress- 
ibility of liquids to be measured fairly 
accurately. 


3. The dependence of Young’s modulus on 
the pressure was determined for aluminiun, 
copper and steel 50 (in the pressure range up 
to 4,000 kg/cm’). 


Translated by J. Murray. 
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Irreversible changes in dimensions of iron 
specimens in passing through the temperature 
range of the (a? y) iron transition were de- 
tected in a number of works either in accurate 
determination of the transition temperature 
{1] or in dilatometric measurements [ 2-4]. 
Besides, the phenomenon largely depends on 
the conditions of the experiment (the rate of 
change of temperature, direction of its 
change, the presence or absence of a temper- 
ature gradient in the specimen and its form), 
the deformation varies not only in magnitude 
but even in the sign** 


In the papers published no explanation of 
this effect is given only some comments re- 
ferring to individual results. 


Recently a paper [5] appeared especially 
devoted to this phenomenon. In the present 
paper certain results of our investigations 
are reported on the phenomenon of residual 
deformation of iron during a phase transition. 
This effect was found in dilatometric measure- 
ments of metals carried out in our Institute 
as early as in 1951. 


In order to avoid as far as possible any 
complications of the effect in question by 
diffusion processes, the experiments were 
conducted with pure iron of the Armco iron 
type and some experiments with a very pure 
iron from the Hilger firm. 


Since the surface layer oxidation, nitra- 
tion and carburization in heating the iron in 


air or insufficient vacuum may result in 
irreversible deformations [6], all the measure- 
ments were carried out in a vacuum of 10~°- 
107’ mm of Hg and also the condensation of the 


_ lubricant vapour on the surface of the metal 


was prevented. 


The main measurements were conducted by 
means of a simple vacuum dilatometer* (Fig. 1). 
The cylindrical specimen 13 (length 50-100 mn, 
diameter 4-6 mm) was suspended on quartz rings 
from the quartz stand 19 in relation to which 
the change in length of the specimen was 
measured. 


The quartz extension piece 22 made it 
possible for the measurements to be made in 
the cold part of the dilatometer by means of 
the measuring microscope 25, The accuracy of 
measurements amounted to 0.005 mm. No correct- 
ion for the length of the quartz parts was 
introduced - it is small and immaterial for 
these measurements. 


The specimen was heated by the inductor 11 
fed from a high frequency generator with a 
frequency of 3 x 10° hertz which permitted a 
sufficiently uniform heating along the speci- 
men and change of rate of heating within a 
wide range. 


The temperature of the specimen was 
measured by means of Pt-PtRh thermocouple with 
its junction welded to the specimen surface. 
In order to reduce the error of measured 
temperatures of the specimen the cross-section 
of the thermocouple wires was sharply reduced 


* Fiz. metal. metalloved. 7, No.1, 122-127,1959. for an appreciable distance from the junction. 


** The present paper does not concern the 
question of residual deformations occurring 
in metals as a result of thermal stresses. 


* Vacuum apparatus with application of liquid 
hydrogen [8] was used in the work. 


Plastic deformation of iron 


Hydrogen “— —Nitrogen —~- 


FIG. 1. Combined vacuum apparatus. Left - Hydrogen condensing 
pump and dilatometer: 


1. Glass cap; 2, 7, 15, 19, 22 -Parts of the quartz frame of 

dilatometer; 3. Water cooling of inductor; 4. Insulator; 5, 6. 

Split flange; 8 Thermocouple outlet; 9. Casing; 19, 14. Peep 

holes; 11. Inductor; 12, Connexion to LM- 2, 13. Specimen; 16. 

Valve; 17. Louvre valve; 21, Water cooling of casing; 23, 

Rubber packing; 24. Busbars of H.F. Generator; 25. Measuring 
microscope. 


Right - Diffusion Oil pump; 18. Nitrogen trap. 


116 
| 

| 


Plastic deformation of iron 


Before measurements the specimens were anneal-— 
ed at a temperature of-~ 1100° for several 
hours in the same apparatus. 


For testing the apparatus at first a 
dilatometric curve (Fig. 2) was plotted for 
. Slow heating and cooling (the whole cycle 

‘about 3 hr). A wellknown curve was obtained 
with a noticeable magnetic transition at a 
temperature of 760°, a first order phase 
transition in the 910-940° interval and 
hysteresis of the latter on cooling. When the 
process of taking the curve was slow no 
residual changes in length of the specimen 
were found. When the experiment was carried 
out quickly enough this residual change 
occurred. 


Al 
10 


FIG. 3. PIG.. 


Actual measurements of the phenomenon con- 
sisted of plotting dilatometric curves (mainly 
in an interval of 800-950°) for various rates 
of heating and cooling. The rates were adjusted 


by varying the power liberated by the inductor 
in the specimen. Moreover, for obtaining the 
highest rates of cooling the mass of the 
specimen was reduced (by drilling out its core) 
without changing its surface, that is, its 
radiation energy. The highest rate of cooling 
was obtained with the switched off high- 
frequency generator, while the intermediate 
rates with a proper reduction of its power. 

In this way it is possible to obtain the rate 
of temperature fall of up to 500° min. 


It was essential to find out which stage 
of the temperature variation-heating or cool- 
ing was responsible for the phenomenon. The 
dilatometric curves in Figs. 3 and 4 obtained 
from the suspended specimen provide the 
answer. Both curves were taken during heating 
(small circles) and during cooling (dots) in 
a temperature interval of 800°-1000°. When 
heating proceeds with any speed but cooling 
is slow (less than 50° min) the dilatometric 
curve is reversible (Fig. 3) the effect sought 
is absent. 


The residual elongation of the specimen 
(Fig. 4) occurs starting from a definite rate 
of cooling. Thus, the effect under consider- 
ation occurs in the stage of cooling. The 
effect is completely absent if the interval 
of cooling does not comprise the range of 
transition from one modification to the other. 


The effect recurs in every cycle and the 
total elongation grows linearly with the 
number of cycles. Various curves (a, b, c, -d, 
e, f) in Fig. 5 are taken for various rates 
of cooling (80, 90, 110, 130, 160 and 250°/min) 
respectively. The effect largely depends on 
the rate of cooling, the slope of the curves 
increases with the rate of cooling. From 
results similar to those shown in Fig. 5 the 
effect (per cycle) in relation to the rate of 
cooling, curve in Fig. 6, was obtained. It 
can be seen from the curve that the effect 
occurs for a rate of cooling higher than 
50°/min and further increases. 


As was already mentioned above, the mass 
of the specimen was reduced by drilling out 
the core for obtaining the highest rates of 
cooling. The outer diameter remained the same. 
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Plastic deformation of iron 


effect of residual deformation in passing 
over the temperature region of polymorphic . 
transformation. 


The phase transition with volume change 
and heat of transition is the main factor 
causing this effect. Indeed only passing over 
the transition region gives rise to this 
effect. It originates only in the stage of 
cooling, that is, when the heat of transition 
is liberated. The effect is absent in slow 
cooling and rises with the rate of cooling. 


The explanation is probably related to the 
fact that in very slow cooling no noticeable 
gradient of temperature arises in the speci- 
men. However, with a certain rate of cooling 
the radial gradient of temperature begins to 
appear, hence the interface between two 
phases. This interface in the form of a co- 
axial cylinder in the cylindrical specimen 7 
moves towards the centre and the quicker the 195 
displacement (that is the higher the rate of 
cooling) the more difficult is the elimina- 
tion of the transition heat liberated at this 
interface. It has been known for a long time 


KLM 


U,degree/min 


An interesting behaviour of these tubes was 
found. At first the effect was increasing with 
decreasing thickness of the tube walls, but 

it stopped increasing for a certain thickness 
and with further thinning of the tube walls 
the effect began decreasing and disappeared 
completely for a thickness of about 0.3 m 
(with the outer diameter of 4 mm). 


The results presented here are obviously 
far from being sufficient for explaining the 
effect but it seems possible to form some 
idea based on them as to the nature of the 
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Plastic deformation of iron 


[9] that even in the isometric transition 
from one modification to the other a pure 
metal (not alloy) displays raised plasticity, 
it may be expected, therefore, that a layer 
of a transforming substance with a surplus of 
heat of transition will be still more mobile. 
In the reverse transition, that is when ab- 
sorbing the heat of transformation the inter- 
mediate layer will be deprived of this addi- 
tional mobility. 


One may suppose that just this very diffe- 
rence in sign of the heat of transition, hence 
the distinct plasticity of the layer between 
the phases, creates the difference in deform- 
ation during heating and cooling, that is, 
its irreversible change in dimensions. 


It seemed that this conclusion followed 
even more clearly from further experiments 
conducted with thin plates. 


The plates of Armco-iron about 0.1 mm thick, 
10 mm wide and 100 mm long were fixed ina 
horizontal position between clamps and heated 
in high vacuum by electric current so that 
its central part was at a temperature of above 
950° (that is in the gamma-phase) and near the 
ends was a gradient of temperature and bound- 
aries between a- and y-iron phases, 


These boundaries were perpendicular to the 
length of the plate and changes in intensity 
of current in the specimen caused in their 
displacement along the specimen (a zone marked 
by broken line in Fig. 7). As a result of 
numerous modulations of the current the plate 
contracted, its width in the section of bound- 
ary displacement increasing. 


The largest change of width per cycle 
reached 0.2% which is comparable with the 


change Al/l phase transition. 


As in the case of rod the change of the 


- form of the plate was found for a sufficiently 


rapid displacement of the boundary between the 
a- and y- phases 


Here the widening of the plate in the dis- 
placement zone of the boundary between phases 
seemed primary. The widening in this case was 


supposed to occur as a result of practically— 
free change of width during the gamma-phase 
to a-phase transition. It was interesting 
that the maximum widening was found in places 
of maximum speed of the phase-boundary dis- 
placement. 


It seemed that the experiments with plates 
also explained results with rods, but this 
simple explanation was ruled out by additional 
tests with rods. 


The curves in Fig. 5 referred to the speci- 
men suspended in the dilatometer. In order to 
take into consideration a possible flow effect 
of the specimen during the phase transition 
under the influence of its own weight, measure- 
ments were also conducted with the same speci- 
men fixed so that its bottom end was resting 
on the quartz support and the quartz extention 
piece for readings connected with the top end 
of the specimen. The results of measurements 
with the specimen thus subjected to the 
contraction by its own weight instead of 
elongation showed the effect of the same 
absolute magnitude but of opposite sign. Fig. 
8 illustrates the behaviour of the specimen 
when suspended (the upper curve) and supported 
(the lower curve). These curves were obtained 
for the same rate of cooling equal to 90°/min. 


The curve in Fig. 8 seemed to indicate that 
the whole effect consists of a plastic flow of 
metal at the moment of transition under the 
action of its own weight. For this reason it 
was natyral to conduct measurements with an 
additional tensile or compressive force 
applied. However, the application of an ex- 
ternal force five times the weight of the 
specimen did not change the magnitude of the 
effect. 


Thus, the last results have shown that the 
nature of the phenomenon is appreciably more 
complicated than that implied by the first 
tests and in the present report it does not 
seem possible to suggest an explanation of it. 
It seems that the cause lies in the volume 
changes during the phase transition and in the 
evolution of heat involved in the transition. 
The occurrence of the effect itself, however, 
very largely depends on the conditions of the 


Plastic deformation of iron 


test, that is on the form of the specimen and 
conditions of temperature changes. 


Translated by B. Cynk. 
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EFFECT OF HYDROSTATIC COMPRESSION UPON THE CHANGE OF 
PHYSICAL PROPERTIES OF ALUMINIUM AFTER 
LARGE PLASTIC DEFORMAT | ON* 
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Laboratory of Super-high Pressure Science, Akad. Nauk SSSR 


(Received 14 February 1958) 


Recently, not only the question of the 
microscopic study of rules of plastic deform- 
ation but also the question of establishing 
the effect of changes in the fine-structure 
of materials on the course of various stages 
of plastic deformation attracts the growing 
attention of investigators. In the process of 
plastic deformation a change in the fine- 
structure of metal takes place, new micro- 
defects of crystal lattice occur and existing 
ores develop. The growth of microdefects 
during a definite stage of deformation results 
in the formation and development of a micro- 
crack which is in fact the cause of fracture. 
Whereas in conditions of hydrostatic com- 
pression the formation and growth of micro- 
defects in the course of plastic deformation 
is not only hampered but even an intensive 
self-repair of existing breakings of the 
crystal lattice takes place [1]; these 
circumstances substantially affect the whole 
process of plastic flow. Thus, the experiments 
with a super-imposed hydrostatic compression 
render it possible to represent more clearly 
and to learn more fully certain rules of 
plastic deformation of materials. Efficient 
systems of deformation by applying bulk com- 
pressive stresses are widely used in the 
modern engineering of metal working by 
pressure (see e.g. paper [2]). 


It has been established that the plasticity 
of materials sharply increases if the deform- 
ation is performed under high hydrostatic 
compression. For example the following papers 
may be quoted: Karman [3] on compression of 
marble, Becker [4] on the flow of marble 
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through an aperture, Kick [5] on the flow of 
rock salt and stamping of marble coins. 
Bridgman [1] and Soviet investigators [6,7] 
studied this phenomenon in metals. 


In the work by Bridgman on the study of 
effects of superimposed hydrostatic com- 
pression in large plastic deformations the 
experiments on stretching specimens 
preliminary subjected to deformation under 
high hydrostatic compression are of interest. 
This investigation aimed at establishing the 
effect of preliminary deformation under high 
compression on the change of mechanical 
characteristics of steel. It was found that 
metal subjected in these conditions to a 
preliminary deformation (in the majority of 
cases exceeding plastic limit as determined 
by the tensile test under usual conditions), 
preserves its capacity to plastic deformation 
even after relieving the pressure, displaying 
during the secondary stretching the higher 
Plasticity the higher was compression during 
the preliminary stretching of specimens. The 
metal also preserved to a great degree its 
high characteristics of strength which it 
acquired when deformed under the compression 
and the capability for strain hardening when 
subsequently subjected to tension. 


True, Bridgman failed in establishing for 
steel the effect of the value of compression 
in the preliminary deformation upon a 
character of the strain hardening by sub- 
sequent tension, that is, the strain harden- 
ing curve in the secondary stretching was 
just a prolongation of the strain-hardening 
of the preliminary stretching of steel. He 
discovered, however, that in some metals the 
hydrostatic compression exerted its influence 


Physical properties of aluminium 


on this effect also. For example, a specimen 
of niobium [8] preliminarily subjected to true 
deformation e = 0.96 when stretched in Tiquid 
under a pressure of 29000 kg/cm could after 
relieving the pressure withstand the stress 

of 3050 kg per cm’, of initial area. In 
stretching under usual conditions for the same 
magnitude of deformation e = 0.96 the speci- 
men of nobium could withstand only 2500 kg 

per 1 cm’ of initial area. 


In Bridgman’s experiments the improvement 
of mechanical properties was limited only to 
the region of neck. If this improvement could 
be extended over the whole specimen deformed 
in the region of high hydrostatic compression 
this would be an achievement of practical 
importance. Bridgman regards that the method 
of drawing metal into wire if performed under 
a high hydrostatic compression will provide 
this possibility. He conducted experiments 
(though of preliminary character) on drawing 
and squeezing steel and copper under a pressure 
of up to 12000 kg/cm*. The experiments con- 
firmed the result expected; the wire obtained 
by this method possessed higher plasticity 
than that obtained by the method of drawing 
used in the modern engineering. Bridgman did 
not thoroughly investigate mechanical pro- 
perties of the metals drawn into wire under 
the compression. 


4% 


FIG. 1. Step-shaped 
specimens for squeez- 
ing by liquid under 
high compression, 


We conduct the work on squeezing a number 


of non-ferrous metals and alloys by liquid 
under high compression. The procedure of this 


method of squeezing, rheological effects in 
the outflow of metal from the die and the 
character of changes of mechanical properties 
of the metal squeezed by liquid were earlier 
described [9,10]. In the present article we 
describe our work on determining the effect 

of high hydrostatic compression on the change 
of mechnical properties of aluminium for 
various degrees of the preliminary deformation 
by squeezing. 


The procedure of squeezing metal by liquid 
was described earlier [9]. However, for carry- 
ing out the present work it was necessary to 
solve additionally a number of methodical 
problems and first of all to find out the way 
of obtaining metal deformed to one and the 
same degree under various compressions. 
Squeezing of step-shaped specimens provided 
the solution of this problem. The essence of 
the method is shown in the layout of Fig. 1. 


The squeezing specimens illustrated in the 
figure differ from one another only in dia- 
meters d,, d, and d3. The value of diameters 
defines the compression under which the out- 
flow of metal from the die will take place. 


Obviously, that value of compression for the 
specimens in the figure fulfil the following 
relation: > Pi, > Since the fall of 
compression inside the apparatus during the 
outflow of the whole specimen is insignificant, 
it is evident that for given compressions the 
magnitude and character of change of mechanical 
properties of squeezed metal can be defined 

for various degrees of deformation by a number 
of steps of the specimen. 


Thus, for the case illustrated in Fig. 1, 
the data can be obtained concerning the effect 
of three different pressures 
on the process of strain hardening for various 
degrees of deformation. 


=d,=d,=d,; 


= 
Pr 
Here d) is the diameter of the die hole (a 
constant’ quantity equal to 2 mm in conducting 
the whole work). 


122 
d,>d,>d3; dy=d-=d, ; i 


Physical properties of aluminium 


The specimen used in these experiments had 
as a rule four steps which allowed it to ob- 
tain deformations from 0.704 to = 
0.95 under compressions 4000-7000 kg/cm2. 


The tensile test was performed by the 
method described in paper [10]. 


The results of investigation are given 
below for the annealed aluminium of the AD1 
brand. Its mechanical properties in the 
annealed state are shown in Table 1. 


pression under which the outflow of the metal 
proceeds. This is indicated by the course of 
curves 2, 3 referring to the specimens sub- 
jected to exactly the same previous deformation 
but under different compressions. It turned 

out that the specimen squeezed under high com- 
pression showed higher elongation in the 
tension test. 


From the curves in Fig. 2, the usual 


characteristics can be calculated defining 
both the strength of the metal and its plasti- 


TABLE 1. Mechanical] characteristics of the annealed aluminium AD1. 


0.2 
YP 


90 


The squeezing of aluminium was conducted 
on the die with the angle of inlet taper 
a = 40°. 


The conducting of tension tests allowed 
us to obtain evidence on changes of mechanical 
properties of aluminium determined by pre- 
liminary deformation under high pressure. In 
Fig. 2 the relations obtained in the tensile 
tests of several typical specimens of 
aluminium are plotted. The curves are plotted 
in co-ordinates: K-the force, Al- the elong- 
ation. Examination of these curves renders it 
possible to draw some conclusions concerning 
the effect of the degree of preliminary de- 
formation and of the value of squeezing com- 
pression on the mechanical characteristics of 
the metal as the result of cold working. By 
comparing paths of the curves it can be noted 
that the strength of the metal appreciably 
increases with the degree of deformation 
(curves 1, 2, 4) while the magnitude of com- 
pression used in the preliminary deformation 
practically does not effect the range of 
strength of the metal (curves ?, 3). The 
course of illustrated functions also indicates 
the decrease of plasticity of the material 
with the rise of degree of preliminary deform- 
ation, determined by the tensile test, but 
this decrease depends on the value of com- 


city: the tensile strength; - the 
yield point; 5, -the percentage elongation; 
br, ~ the final reduction of area ("neck"); 


FIG. 2. Load-extension curves of 
aluminium specimens previously cold 
worked by squeezing to various 
extents of deformation by various 
compressions: 


1- stretching of annealed aluminium 
under p = 1 kg/cm?; 

2 - = 0.704; p = 7000 kg/cm?; 

4 - = 0-95, p= 7000 kg/cm?. 


= 0.704, p = 4400 kg/cm’; 
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7 the coefficient of uniform necking* (the 
maximum uniform percentage reduction of cross- 
section of a tensile specimen up to its 
rupture}. 


VERA 


5000 6000 


7000 800 
kg/em? 
FIG. 3. Variation of final 
reduction of area Uyp, of an 
aluminium specimen with the 
value of hydrostatic com- 


l 
pression for Morel 


It is quite understandable that the change 
of these characteristics renders it possible 
to follow more clearly the effect of the 
squeezing compression in various extents of 
deformation upon the mechanical properties of 
aluminium. 


6 

| 


G00 S000 6000 7000 
kg/em2 


3000 


FIG. 4. Variation of persentage 


elongation of aluminium with the 
value of hydrostatic compression 


h 
for Yorel 


= 0.7. 


In Figs. 3, 4, 5 three factors of plasti- 
city (final reduction of area, percentage 
elongation, strain of uniform necking) 
measured for the same extent of preliminary 
deformation rem = const are plotted against 
the magnitude of squeezing compression. It 
turned out that all these factors defining 
the plasticity of aluminium increase with the 
compression. 


As concerns the effect of the compression ° 
upon the strength of the metal, some con- 


* The uniform strain for necking. 
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I, 


5000 6000 7000_ 
ke/em* 


FIG. 5. Variation of the strain 
of uniform necking of aluminium 

specimen with the value of hydro- 
static compression for Yor e1=0- 8. 


clusions can be drawn from Fig. 5. It is known 

that the working hardening of a metal is in 

general exhausted when a deformation equal to 

ao of uniform necking Von is reached 
11]. 


As is evident from Fig. 5 the compression 
contributes to the increase of this coeffi- 
cient; it may be expected, therefore, that 
characteristics of the strength of aluminium 
also increase with the squeezing compression 
for the same extents of preliminary deforma- 
tion. 


Summarizing the results of the work con- 
ducted it may be stated that the application 
of the method of squeezing the step-shaped 
specimens by a highly-compressed liquid 
rendered it possible to establish the effect 
of the magnitude of compression upon the 
residual change of properties of aluminium 
and that its plasticity increased for higher 
squeezing compressions. 


Translated by B. Cynk. 
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A comparative investigation of static and dynamic bending of a number of 
steels was conducted by plotting full deformation diagrams as recorded in 
the impact bending tests using the pendulum-type PSVO-1000 impact machine 
with oscillographic outfit. New experimental evidence is obtained on the 
correlation between mechanical characteristics in dynamic and static tests. 
It is shown that the toughness value is in general determined by the amount 
of plastic deformation and not by the impact value. 


Various kinds of plastic deformation in 
conditions of static application of load have 
been sufficiently investigated in detail with 
full strain diagrams constructed. Very little 
information is available concerning mechanical 


properties in conditions of impact deformations. 


The notion prevails that there exists an 
appreciable difference in mechanical pro- 
perties of metals in dynamic and static tests. 


This idea has not hitherto been thoroughly 
verified owing to great experimental diffi- 
culties in investigating processes of impact 
deformation. 


The data concerning the fatigue strength of 
standard specimens in impact bending tests by 
pendulum-type impact machines by means of 
speed filming [1] are the most reliable. In 
that work some indirect methods of plotting 
initial sections of the bending impact-strain 
diagram were suggested and comparison given 
between these diagrams and diagrams of static 
bending. 


The main conclusion of that investigation 
amounts to the following: 


1. The ultimate stress in impact bending 
appreciably exceeds the ultimate stress in 
statical bending. 
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2. In passing from statical over to impact 
bending the yield strength sharply increases, 
in some cases nearly twice. 


3. The impact energy required for a given 
deformation exceeds by one third the energy 
sufficient for obtaining the same deformation 
in statical bending. 


The pendulum type PSVO-1000 impact machine, 
produced in the German Democratic Republic, 
being available, we could carry out direct 
experimental verification of the above con- 
clusions, * 


The PSVO-1000 impact machine is an instru- 
ment with maximum potential energy of 10 kgm. 
The impact machine is provided with the 
oscillograph with the double-beam cathode tube 
capable of precise recording of the process 
of deformation in the impact bending test or 
in the tension impact test in the co-ordinates: 
stress-strain and stress-time simultaneously. 

Standard notched specimens were tested by 
the PSVO-1000 impact machine. 

In Fig. 1 a typical full oscillogram of 
the impact bending is shown as obtained in 
testing St.3. 


133-136, 1959, 


* L.A. Khramova, a post-graduate student, 
took part in conducting experiments of the 
investigation. 
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The deformation diagram abcdef occupies 
the middle part of the oscillogram below which 
is a vertical segment P representing the scale 
of the force. 


The length of this segment corresponds to 
a load of 500 kg acting on the knife of pen- 
dulum. Sinusoidal curve of the time scale 
with a period of 1077 sec is at the top. 


In the lower part of the oscillogram the 
curve of deformation scale is shown. Its 
period corresponds to the 2 mm shift of the 
pendulum knife. The straight line underlying 
this curve represents the trace of the ray 
returning to its initial position after 
plotting the deformation scale. 


FIG. 1. Typical oscillogram of 
impact bending 


The deformation diagram when dynamic load- 
ing is applied is in its main part similar to 
the diagram obtained by applying static loads. 
The segment ab (Fig. 1) describes rapid change 
of load with increasing deformation within the 
limit of elasticity. Point 6 marks the be- 
ginning of plastic deformation. The section 
ed corresponds to the intensive flow of 
material under little variation of stress. In 
point d breaking rupture begins. In the 
general case it proceeds in two stages. The 
first stage consists of rapid rupture of the 
cross-section of the specimen under the notch 
(de segment in Fig. 1). The second stage re- 
presents gradual rupture of the remaining 
part of the cross-section with a considerable 
strain of yet unbroken layers (segment ef). 
The toothed feature of the curve in the end 
of bc and beginning of cd sections is evident- 
ly connected with discontinuous flow of 


Plastic deformation when a rapid growth of 
stresses without noticeable deformation alter- 
nates with shearings releasing the stresses. 

A similar phenomenon is often observed in 
conditions of static load when the load ex- 
tension curve shows a step-like character. It 
is possible that in the initial part the dia- 
gram contains a superimposed oscillogram of 
vibration process of the measuring system it- 
self. 


By means of the PSVO-1000 impact testing 
machine several hundreds of standard notched 
specimens of many steels in various states 
were tested. These tests rendered it possible 
to establish the following general principles: 


1. The character of bending impact oscillo- 
grams was steadily recurring in repeated 
tests with similar specimens. 


2. The input of energy in the test of a 
specimen, determined by the swing of the pen- 
dulum after the impact exceeds the breaking 
energy, determined by the area of the strain 
diagram, by no more than 0.1 kgm. This diffe- 
rence is not constant because it consists of 
losses for overcoming constant resistances of 
the mechanism of the impact testing machine 
and variable losses connected with dragging 
halfs of the broken specimen between the 
supports and pendulum of the machine. 


3. The duration of an impact test of 
ductile steels seldom exceeds 5 x 107? sec. 
When the impact strength is less than 1 kg/cm* 
the notched specimen is broken within 1 x 10° 
sec. 


In principle the amount of breaking energy 
in an impact bending of notched specimens is 
determined by the plasticity of steel which 
can be expressed by the total bending deform- 
ation of the specimen up to its complete 
breaking. 


Main results of testing specimens of the 
30 Cr MnA steel in various states obtained by 
thermal treatment and contact-butt welding 
are given in Table 1. All these tests were 
carried out at room temperature. Depending on 
its state the toughness of the steel differed 
approximately ten times and its total deform- 


Dynamic bending of steels 


ation varied within the same range. The usual universal testing machine. In order to 
strength characteristics however, - the endur- preserve geometric similarity of static and 
ance limit of tested specimen - varied very impact bending the machine was provided with 
little, remaining within the limits of usual exactly the same supports and knife as in the 
scattering of results in the impact tests of impact machine. 

standard specimens. In Table 2 the comparison of mechanical 


Main characteristics of various states of 30Cr MnA steel 
under impact bending tests 


TABLE 1. 


Total deformation, mm 


Maximum force, kg 


The comparison of deformation diagrams in characteristics of several steels are given 
impact and statical bending of notched speci- as obtained by deformation diagrams in 

mens was carried out for a number of carbon statical and dynamic bending. In Figs. 2-4 
and alloy steels. Static bend tests of stan- the diagrams of statical and dynamic bending 
dard impact specimens were conducted on the are jointly presented in the same scale for 


Main characteristics of static and dynamic bending of steels 
by deformation diagram 


TABLE 2. 


Specific energy Load at yield Ultimate load 


st Ft 


Agin F din Pain 


970 


St.3 7.0 690 
* 30CrMnA 10.6 9.4 - 10.3 700 760 9 1200 | 1300 8 
16.2 1020 1290 
13.8 860 1040 
7.9 1030 1240 
6.7 1180 1420 
3.6 1090 1520 


** Cr 7SiMnT 
20 
35 


Brittle 1490 
rupture 
c10 1.6 1.8 + 12.5 Brittle 1110 1300 18 


rupture 


* 30CrMnA. High quality (A) CrMn engineering steel. 
** Cr 7SiMnT. Heat resistant (T) CrSi steel. 
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Dynamic bending of steels 


three brands of steels for which three 
typical different cases of mutual distribu- 
tion of statical and impact bending curves 
were found. 


Load, kg 


~ 


Overall deformation, mm 


FIG. 2. Load - Deformation 
diagram in statical (1) and 
dynamic (2) bending. 


The toughness values of the Cr 7SiMnT and 
St.20 steels were obtained by the impact 
machine with a potential energy of 30 kgm. 
When tested by the PSVO-1000 impact machine 
the specimens of these steels were not com- 
pletely broken and the end of the diagram, 


6 
YO 
201 


OC 
Overall deformation, mm 


FIG. 3. The same as in Fig. 2, 
for the Cr 7SiMnT steel. 


1-statical bend, 
2- dynamic bend. 


therefore, could not be obtained. However, 
the part of the diagram recorded was suffi- 
cient for determining the load of the yield 
point and the ultimate load. 


The results of this investigation allow us 
to state that the conclusions of paper [1] 
cannot be regarded as general rules. It is 


found in fact that the breaking energy in 
impact bending may be both higher and lower 


kg 


Load, 


6 10 
Overall deformation, mm 


FIG. 4. The same as 

in Fig. 2, for steel 40 
1- statical bend, 

2- dynamic bend. 


than that in static bending. The ultimate 
stress of specimens is always higher in impact 
bending than in static bending tests. 


The yield strength is especially sensitive 
towards the increase of the rate of deforma- 
tion. 


Values referring to differences between 
dynamic and static force characteristics 
steadily recur in tests of various specimens 
of the same steel at the same state. For 
different steels and states these character- 
istics are very different. 


No definite connexion has been found 
between the plasticity of steel and the 
nature of the relationship of its mechanical 
properties in statical and dynamic bend tests 
of notched specimens. 


Translated by B. Cynk. 
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STRUCTURAL CHANGES 


S.B. MASLENKOV, Iu.A. 


Relaxation of a number of alloys, in 
particular aluminium bronzes, leads to harden- 
ing. In the study of such alloys anomalies are 
observed in the changes in the width and in- 
tensity of X-ray spectral lines, and also 
changes in the reactivity towards etchants of 
microsections, which are explained from the 
standpoint of ideas of "up-hill diffusion’, 
linked with heterogeneously stressed state of 
the material and the considerable differences 
between the atomic radii of the components 
[1-3]. Direct experimental data do not exist 
on whether the process of up-hill diffusion 
can lead to the separation of two phases [ 3] 
or consists of the redistribution of compo- 
nents in solid solution [4-5]. The question 
of structural changes developing during the 
process of cold plastic deformation of a solid 
solution is also obscure. In the present work 
electron microscope and X-ray studies were 
made of the structural changes after deform- 
ation and annealing of a single-phase (accord- 
ing to existing phase diagrams) aluminium 
bronze containing 8.02% by weight (17.1 atomic 
%) of Al (alloy 1). For elucidating auxiliary 
problems of the investigation a two phase 
alloy was deliberately cast, containing 12% 
by weight (25.0 atomic %) of Al (alloy 2). 
Ingots were forged in the hot state and sub- 
jected to a homogenizing anneal (900°, 10 
hours). 


Specimens of alloy 1 were deformed by cold 
rolling to 50% and 80% and then annealed under 
different conditions (up to 600°C, up to 100 
hours). Microhardness was determined on all 
specimens. 
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IN ALUMINIUM BRONZE UNDER THE ACTION 
OF COLD PLASTIC DEFORMATION AND ANNEALING 


UMANSKII 


For microscopic and electron-diffraction 
examination specimens were polished electro- 
lytically. Etching for microscopic analysis 
was carried out with a solution of aqua regia 
in glycerol. For electron diffraction examin- 
ation, etching with a mixture of NH,OH and 
NaOH was used in addition. It was established 
by investigation of two-phase specimens of 
alloy 2 that etching with an alkaline reagent 
gives rise to dissolution of the principal 
phase, the y phase remaining in the form of 
projections. This makes possible the recogni- 
tion by electron diffraction of y-phase using 
the "reflection" method*. Aqua regia, on the 
contrary, etches off regions of y-phase. 
Electron microscope studies were made using 
the single stage method of quartz replicas. 
Electron diffraction photographs were taken 
with plane faces by the reflection method; 
Magnesium oxide was used as a standard for 
the calculation of interplanar distances**, 
X-ray powder spectra of the two-phase alloy 2 
after annealing in vacuo at 450° were taken 
with an RKU camera (D = 86 mm). 


X-ray spectra of specimens of Alloy 1 were 
taken with a KROS camera with an aluminium 
standard and copper radiation. The error in 
determining the lattice parameter of the a- 
phase Aa = 0.0007 KX. 


* Essentially by reflection from projections 
of y-phase. 


** In all electron diffraction spectra of 
alloy 1, besides lines due to phases of 
the Cu-Al system, lines were obtained of 
a face-centred cubic structure with para- 
meter a= 5.5 &. Possibly these lines 
correspond to €-Al,0, (data of Shteinkheil) 
- In Table 3 these lines are omitted. 
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1. After annealing alloy 1 at 600°, a= 
3 645 KX; both this result and also the value 
of the lattice parameter of the a-phase at 
limiting concentration in alloy 2 (a = 3.652) 
agrees well with published data on the rela- 
tionship a= f (at. % Al). [6]. Thus, alloy 1 
occurs in the single-phase a - region of the 
existing phase diagram. 


FIG. 1. 


Apparently these regions consist of a solid 
solution (a’) with increased aluminium con- 
centration and possibly other constituents. 
By comparison of this result with the known 
equation a= f (at. % Al) it is reasonable to 
assume in the regions of solid solution a 
concentration of aluminium near the composi- 
tion of y-phase. 


(d) 


Electron diffractions photographs of specimens of alloy 1. 


(a) After annealing at 600° (a’=phase), (6b) After 50% deformation, etching with 

aqua regia (a’=phase), (c) Same specimen, etching with alkaline reagent (y-phase), 

(d) After 50% deformation and 100 hours annealing at 275°, etching with alkaline 
reagent (y-phase) 


According to the electron-diffraction data 


(Fig. la, table) the parameter of the face- 
centred cubic lattice of the solid solution 
in the specimen annealed at 600° was 3.75 KX. 
Electron-microscope analysis showed that in 
this specimen, regions of low activity to the 
etchant, of width 0.3-0.4 » were projecting 
above the plane of the section (Fig. 2a). 


2. Deformed specimens, in contrast to an 
annealed specimen according to the etching 
agent employed (aqua regia or alkaline 
mixture) gave different diffraction patterns. 
After etching with aqua regia the photograph 
showed the line system of solid solution a’ 
with clearly indicated texture (Fig. 1b) 
Etching with a mixture of alkalines leads to 
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the display of a diffused line system instead 
of textured lines (Fig. 1c). Interplanar 
distances are near those for y-phase (Table 1) 
Electron diffraction data on the appearance 
of a y-phase as a result of cold work agree 
with the microphotograph of (Fig. 2b), where 
the heterogeneity of the structure is clearly 
observable along the grain boundaries and the 
lines of displacement. Obviously, cold 
plastic deformation of an alloy which is 
single-phase under normal conditions leads to 
the appearance of y-phase at places of in- 


FIG. 2. 


creased concentration of aluminium (boundaries 
of grains or blocks) and to the appearance of 
new regions of supersaturated solid solution. 


3. On the basis of the determination of 
the microhardness after thirty minutes anneal- 
ing at different temperatures (Fig. 3a) , 
the annealing temperature range 275°-300°, 
was chosen for further investigation. Anneal- 
ing at these temperatures led to the highest 
hardening effect. Measurements of the micro- 
hardness after different periods of annealing 


Electron-microphotographs of specimens of alloy 1 (X 4000). 


(a) After annealing at 600°, (6b) After 50% deformation, (c) After 50% deformation 
and 15 minutes’ annealing at 275°, (d) After 50% deformation and 10 hours anneal- 
ing at 290° 


(a) 
(6) 
A 
(ce) 
(d) 
| 
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at 275° (Fig. 3, 6) showed that the hardening of y-phase. This may be seen by examination of 
of the alloy is not completely eliminated at the microstructure. In Fig. 2, c are observed 
very prolonged durations (up to 100 hours). new displacement lines, places of precipit- 


TABLE I. Interplanar distances of a- and y-phases, determined by 
electron diffraction (alloy 1) and interplanar distances of 
y-phase, determined by X-ray diffraction (alloy 2). 


Annealing at 600° Annealing at 275° 
Deformation 50% y-phase 


Without Deformation Deformation (X-ray) 
deformation 50% * 50% ** 100° he** a-phase 
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* Etching with aqua regia 
** Etching with alkaline reagent 


Structural changes during annealing con- ation of y-phase or regions of solid solution 
sist, first, of the increase in structural with increased aluminium content. Secondly, 
heterogeneity, in the increase of the quantity an essential change occurs in the fine 
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FIG. 3. Variations of microhardness of specimens deformed: 


1 - 50% and 2 - 80%, in relation to temperature at 30 minutes duration 
of annealing (a) and to time of annealing at 275° (6) 
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crystalline structure of the solid solution. 
If, after deformation, satisfactorily distinct 
lines of solid solution can be seen, then 
after 15 minutes annealing at 275° (near the 
maximum in the hardness curve) Hy = 300 kg/cm? 
the lines are much diffused. The sharpness of 
the electron diffraction lines is already re- 
covered after 30 min annealing when the 
strength begins to fall. Therefore the strength 
of the cold worked alloy during annealing is 
related to the changes on heating of the 
crystalline structure of the a-phase as a 
result of the concomitant precipitation of a 
second phase. 


4. The lattice parameter of the a-solution 
in specimens aged for 100 hours at 275° and 
also for 5 hours at 325-350° differed in- 
significantly (I X E) from the parameter of 
the unworked specimens. The presence of pre- 
cipitation in the alloy after working and 
annealing, observable by electron microscopy 
and electron diffraction, and still practic- 
ally not changing the mean lattice parameter 
of the solid solution indicates, that diffe- 
rentiation of the components of the alloy as 
a result of deformation and subsequent anneal- 
ing occurs to a very small degree. 


Translated by W.D. Davis 
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Results are presented of an investigation into metal fatigue by the 


"independent standard" method. The changes in the intensity of the 


(310), 


and (220), lines as a function of number of cycles were determined. It 


was established that the intensity of the (310), line is unchanged 


during 


the fatiguing process, and that the intensity of the (220), line is in- 
creased. On the basis of these results the authors conclude that during 
the fatiguing process the mosaic structure of the metal is changed, along 


with third order distortions. 


INTRODUCTION 


For the determination of the third order 
distortions the method of relative intensity 
T349/Iy09 [1] was proposed. This method has 
found wide application principally in the 
study of the process of metal fatigue, but 
also in the mechanism of plastic deformation 
[6,7]. In the measurement of the relative 
intensity the (220), line has been used as the 
standard line, as it has been considered that 
the intensity of this line changes inappreci- 
ably during fatigue or plastic deformation 
and that the reduction in the relative inten- 
sity is attributable principally to the (310), 
line. 


It is possible that as a result of aniso- 
tropic crystallisation of the structure a 
change in the intensity of these lines would 
occur according to different laws. In such a 
case the relative intensity I,,9/I, 9 would 
not provide a valid picture of the growth of 
third order distortions. A more definitive 
method of analysing the intensity of the 
lines is provided by the independent standard 
method [5]. In principle this method consists 
of the simultaneous exposure of an independent 
standard with the specimen under investigation. 


metalloved. 7, No.1, 142-145, 


*Fiz. metal. 


Thanks to this, there will be found on the 
X-ray photograph, side by side with the lines 
from the specimen, standard lines whose in- 
tensity remains unchanged throughout all the 
processes under investigation. It is evident 
that the independent standard method permits 
establishment of the authenticity of the 
change in each line separately, and conse- 
quently provides the possibility of studying 
in more detail the occurrence of change in 
the crystal structure. 


The independent standard method was 
employed in the present work for investigat- 
ing the process of fatigue. 


MATERIAL AND METHOD OF 
INVESTIGATION 


Steel 35 was chosen for investigation, in 
the normalized condition and annealed at a 
temperature of 700°. After final mechanical 
fabrication the specimens were subjected to 
complete relaxation at a temperature of 650° 
with full removal of the superficial cold 
hardening. 


The condition of the material after this 
full relaxation was taken as the initial con- 
dition. The fatigue limit and the mechanical 


1959. properties are set out in Table 1. 
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TABLE 1. Mechanical properties of Steel 35. 


32.5 
oz.9 | 
31,0 | 


The fatigue test was carried out by alter- 
nate bending at stresses during the cycle: 
o, = 260; o, = 270; o, = 300 kg/mm?, After an 
equal number of cycles the test was inter- 
rupted and the specimen taken from the 
machine; an X-ray photograph was taken of 
each specimen at different stages of fatigue. 


The X-ray photography was carried out 
using cobalt radiation in a camera specially 
adapted to the study of fatigue specimens. 

The camera was supplied with an aluminium 
standard prepared in the form of a disk with 
radial slits. The standard was placed on the 
shaft of an electric motor and mounted in the 
path of the primary beam of rays. Be revolv- 
ing the specimen the X-rays fell on the sample 
and standard in turn, giving on the X-ray 

film the (310), and (220), lines of the speci- 
men under investigation and the standard lines 
(420), and (331),. 


The X-ray photographs obtained were 
measured photometrically at eightfold magnifi- 
cation. The intensity of the lines was 
measured first by the size of the areas of 
maximum blackening and then, inasmuch as the 
width of the lines did not change during 
fatigue, by the height of the peaks of the 
photometer curves. 


To detect changes taking place in the 
crystal structure, the authors employed the 
following equations 
Ist 331 Ist T4290 + 391 

In order to compare the results of the 
present work with data in the literature, the 


relative intensity T340/To29 was determined. 


RESULTS OF THE INVESTIGATION 


The intensity of the interference lines 


(310), with increasing number of cycles almost 
did not vary (Fig. 1). The (220), line behaved 
quite differently. 


FIG. 1. Change of intensity of 

the (310), line as a function 

of number of cycles at a cyclic 
stress o = 30 kg/mm? 


The intensity of this line continually in- 
creased during the process of fatigue and 
reached a maximum value (12-15% above the 
initial) towards the moment of rupture of the 
specimen (Fig. 2). 


£220 
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F{G. 2. Change of intensity of 

the (220), line as a function 

of number of cycles at a cyclic 
stress 0 = 30 kg/mm? 


In so far as in the fatiguing process the 
intensity of the (220), line increases and the 
intensity of the (310), line remains unchanged, 
the course of the curve of relative intensity 
is predetermined. The relative in- 


tensity decreases with increasing number of 


cycles (Fig. 3). 


It is necessary to note that with an in- 
crease in the amplitude of the stress imposed 
during cycling both the character and the 
magnitude of the maximum variation in the in- 
tensity are maintained. Increase in the ampli- 


tude of the stress from o = 26 to o = 30 kg/mm 


led to a faster increase in the intensity of 
line (220) 
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L310 


100 


FIG. 3. Change of relative 
intensity as a 
function of number of cycles 
at a cyclic stress o=30 kg/mm 


The experiment showed that whatever the 
magnitude of the stresses employed and from 
the number of cycles the width of the inter- 
ference lines remained unchanged. This result 
is in full agreement with the results of many 
other authors [1,2,4,5]. 


DISCUSSION OF THE RESULTS OF 
THE INVESTIGATION 


First it is necessary to note that the 
results of the present investigation confirmed 
the suggestion about the imperfection of the 
method of relative intensity 29: The 
experiment showed that the increase in the 
relative intensity during fatigue is caused 
by an increase in the intensity of the (220), 
line and not by a reduction in the intensity 
of the (310), line, as has been supposed up 
to the present time. This type of change in 
the intensity of the interference lines puts 
the fatigue process in a completely different 
light. 


While the earlier reduction in the relative 
intensity T3 49/1529 was regarded as incon- 
testable evidence for the growth of third 
order distortions now such a view does not 
correspond with the facts. 


The data obtained in the present work 
showed that parallel to the third order dis- 
tortions in the atomic structure there is 
another process which is responsible for the 
increased intensity of the interference lines. 
‘The question arises as to what kind of 
changes in the atomic structure of the metal 
can lead to an increase in the intensity of 
the interference lines. It is possible to 
answer this question from the point of view 


of the theory of the mosaic structure of 
crystals. According to this theory, all real 
crystals consist of mosaic blocks, turned 
relatively to each other at very samll angles. 
In well annealed material the angle between 
adjacent mosaic blocks, i.e. the mosaic angle, 
does not exceed a few seconds. On account of 
this the upper layer of the mosaic blocks 
screen the lower-lying, leading to weakening 
of the interference lines. Such an effect is 
known as secondary extinction. 


An increase in the mosaic angle reduces 
the extinction effect and in consequence in- 
creases the intensity of the interference 
lines. 


The increase in the intensity of the (220), 
line during the process of fatigue, is 
apparently exactly explained by the increase 
in the mosaic angle. 


However it does not follow from this that 
this increase appears as the sole cause in- 
fluencing the intensity of the interference 
lines. During the fatiguing process in diffe- 
rent crystalline grains there arise also 
third order distortions which set in the oppo- 
site direction, i.e. reduce the intensity of 
the interference lines. Thus the changes in 
the intensity of the lines appear as a result 
of the effect of two processes influencing the 
intensity in opposite senses. The increase in 
the intensity of the (220) , line and the con- 
stancy of the intensity of the (310), line 
during fatiguing are caused, apparently, by 
the different sensitivity of these lines to 
changes in the atomic structure of the metal. 


Clearly the (220), line appears more sen- 
sitive to change of the mosaic structure than 
to third order distortions. The (310), line 
in so far as its intensity does not change 
during the process of fatigue, although 
changes in the atomic structure have occurred, 
reacts equally to these two processes. 


The subject of the mosaic structure of 
metals is repeatedly raised in the literature. 
It is supposed that the mosaic structure of 
the crystals in a polycrystalline material 
determines to some extent the mechanical pro- 
perties of materials. 


Study of the process of fatigue 


The present work has shown that, during 
fatigue, besides third order distortions, an 
increase occurs in the mosaic angle. Un- 
fortunately, separation of these two processes 
and establishment of their role in the onset 
of fatigue cracking was not achieved. 


CONCLUSIONS 


1. During the process of fatigue, besides 
third order distortions arising in the crystal 
lattice of the metal, changes in the mosaic 
structure are observed. 


2. The method of relative intensity 


T319/Ih20 does not give a correct presentation. 


of the changes occurring in the atomic struc- 
ture of the metal during fatigue; it follows 
therefore that the employment of this method 
should be abandoned. 


3. The independent standard method permits 
the observations of changes occurring in the 
mosaic structure of the metals in addition to 
distortions arising in the crystal structure. 


Translated by W.D. Davis. 
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The latent energy was determined experi-. 
mentally for two kinds of steel. It was 
established that steel absorbs energy more 
strongly than copper. It is shown that the 
reasons for these are (a) a lower homologous 
temperature and (b) greater resistance to de- 
formation (the flow curve lies higher). It 
was found that the relatiye absorbed energy 
5 E /S€ (absorbed energy expressed as a per- 
centage of the true deformation) for St.6 and 
St.3 increases for small deformations and de- 
creases for large, passing through a maximum, 
this agrees with the theory of hardening and 
relaxation. Based on a survey of the work of 
other authors a conclusion is drawn about the 
presence of the maximum in the curve as a 
function of strain for copper. 


1. The study of the factors governing 
latent energy presents obvious theoretical and 
practical interest. Up to the present a series 
of relationships governing the energy absorbed 
in plastic deformation has been established. 
In particular, it is established that a whole 
range of distortions arise whose recoveries 
possess different energies of activation. This 
is revealed by the fact, that during anneal- 
ing, release of the latent energy is 
ae over a wide temperature range 

1-4). 


For different metals, this temperature 
range is different; further, for alloys it is, 
as a rule, wider than for pure metals [3]. It 
is established that high melting metals absorb 
more energy than low-melting [5] for an 
identical extent of strain; this finds its 
explanation in the theory of hardening and 
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relaxation [6]. Dynamic strain gives more 

absorption of energy than the corresponding 
static strain, as in static strain the pro- 
portion of distortions arising is decreased. 


Inasmuch as all the regular behaviour ex- 
hibited by latent energy is explained by the 
hardening and relaxation theory, then based 
in this theory, it could be expected that the 
magnitude of the latent energy is governed 
not only by relaxation (where the homologous 
temperature, rate of deformation and degree 
of deformation are important) but also by 
hardening. 


It is to be expected that under identical 
conditions of relaxation materials requiring 
large forces for their deformation absorb 
more energy during deformation. 


2. With the aim of verifying the assump- 
tions referred to the above experiments were 
decided on the deformation of steels; more- 
over on two sorts of steels - St.3 and St.6. 
With almost complete coincidence of their 
melting points the flow curves differ very 
decidedly. 


Specimens for compression consisted of 
cylinders of 17 mm diameter and 25 mm long 
(main batch) and also of diameter 20 mm and 
length 30 mm and of diameter 13 mm and length 
20 mn. 


The last-mentioned were employed as 
controls. Before the test the specimens were 
annealed in a cast iron container at 800° for 
3 hr. Examination of microsections showed the 
absence of any carbonization of the surface 
of the specimens. Compression took place in 
an Amsler press. To avoid distortion of the 
specimens a sleeve with inset thermally in- 
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sulating and supporting plates was employed, 
turned from steel 40 KhN, measuring 35 x 6 mn. 
The surfaces of the supporting plates were 
polished and the ends of the specimens were 
ground. 


Compression was carried out in stages, and 
the size of the stage was selected from a 
calculation of the value of the work of de- 
formation. Deformation took place statistic- 
ally with a speed « ~ 5%/ min. This provided 
the possibility of visual plotting of the flow 
curve by means of simultaneous reading of load 
and of deformation. By this method the measure- 
ment of the deformation was made with an 
accuracy of 0.01 mm which was confirmed by 
special control experiments - simultaneous 
visual reading and photography on high-sens- 
itivity film with an exposure of 0.01 sec. 


Measurement of the temperature was made by 
means of a copper-constantan thermocouple. 
One junction of the thermocouple was soldered 
into the steel supporting plates, while the 
"cold" junction was joined to a steel speci- 
men of 20 mm diameter for increasing its 
thermal inertia. 


FIG. 1. 


Temperature curve. OT, - heating 
after elastic and plastic compression. 


173 - cooling under load - T3T, - adiabatic 


cooling after unloading. 


The thermocouple e.m.f. was led by wires 
to a mirror galvanometer, which enabled 
temperature to be registered. A massive 
separate base and shock absorber completely 
protected the galvanometer from accidental 
vibration. The recording mechanism consited 
of a drum, maintained in motion by the rota- 
tion of a Warren motor (1 revolution -7 min). 
The drum had an annular stop for the exact 
location of the photographic paper. A typical 
temperature curve is presented in Fig. 1. Here, 


heating of the system rises to a maximum as a 
consequence of deformation, after which it 
coils under load and finally cools adiabatic- 
ally after unloading (sharp fall of the curve). 
Calibration of the thermocouple against a 
metastatic thermometer showed that points lay 
on a straight line to a sufficiently high 
degree of accuracy. 


3. The energy 5 £ absorbed during a stage 
was found as the difference between the work 
of plastic deformation of this stage 6A and 
the evolved heat 50. 


The work 5A was determined by planimetry 
of the stress strain diagram. For the calcula- 
tion of 5Q the heat capacity of the system 
(specimen + steel supporting plates) and the 
increase in its temperature caused by plastic 
deformation was used. 


With the aim of removing the possible 
systematic errors the heat capacity was not 
taken from tables but from the results of 
experiments. For heating the specimens a heat- 
ing element in the form of a nickel-chromium 
spiral of resistance 100 9 was used, wound on 
a thin porcelain tube. The heat capacity of 
the heating element was vanishingly small in 
comparison with the heat capacity of the 
specimen and supporting plates. The heating 
element was inside the bored-out specimen. 
This was loaded into the sleeve exactly as in 
compression experiments. Through the element 
was passed a constant current of such strength 
and for such a time that the temperature curve 
was most nearly identical to the corresponding 
curve obtained during compression. Knowing 
the parameters of the system and calculating 
the temperature curve, it was possible to 
determine the heat capacity. The specific 
heat was found to equal 0.1244 gcal/®. This 
agrees with the figure usually quoted for 
steel - 9.12 g¢cal/° - which indicates the small- 
ness of the systematic error of the experi- 
ment. The value so found of the heat capacity 
also included the possible systematic error 
inherent in the specific calculation. Inasmuch 
as the calculations relating to determination 
of the heat capacity and to plastic deform- 
ation were carried out identically, the 
possible systematic error was excluded. 


The absorption of energy by steel 


The temperature calculation was made 
according to a scheme suggested by Bol’ shanina 
(7] and perfected by Beniakovskii [8! 


By the last mentioned was obtained the 
following formula for the differential temper- 
ature. 


Ss 
(T:—T,)  —AT— Te. (1) 
3 


Here T, (see Fig. 1) is the maximum temper- 
ature of the specimen at the end of plastic 
deformation. The second term takes into account 
the correction for the heat evolved during the 
process of deformation. This correction is 
proportionate to the area S,- The expression 
(T, - T./S,= a consists of a velocity con- 
stant for the equalization of temperature of 
the system and surroundings (magnitude, in- 
versely proportional to the constant of 
thermal diffusivity). The third term gives 
the correction for the possible inertial dis- 
placement of the movement of the galvanometer 
and the irregular heating of the system. The 
last term gives the correction for the elastic 
adiabatic heating. 


The values of AT and tT, are calculated 
from the following equations 


(71 —AT)—T2] Sz! = [T2— 
[(Ta— Ty) Se (3) 


The formulae proposed by Beniakovskii can 
be simplified. Simple mathematical transform- 
ations give: 

T=T,+ a(S’ + S”)—(T;— 
The relationships obtained appear as a 

working formula, by which may be carried out 


the calculation of the temperature of the 
specimen and steel support plates. 


4. For each stage 5A, SE, and Se were 
calculated and the stress o and full strain « 
were also known. This enabled one to construct 
various graphs. 


In Fig. 2 are presented curves of the diffe- 
rential specific absorbed energy as a function 


of deformation. For small extents of deform- 
ation 20-30 % of the energy expended in plastic 
deformation is absorbed, but for large de- 
formations almost all the work goes in heating 
the specimen. 


\ 
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FIG. 2. Dependence of the 
differential specific ab- 

sorbed energy on the true 

deformation. 


1 - steel 6; 2- steel 3. 


10 20, 
A, cal/cm 


FIG. 3. Dependence of the total absorbed 
energy on the work of deformation. 


1- steel 6; 2-steel 3; 3-copper; 4- 
aluminium (in the last two cases, calcu- 
lated from the data of Fedorov [5]) 


The dependence of the full energy absorbed 
on the work of deformation is shown in Fig. 3. 
Conforming to the suggestion of Bol’ shanina 
{7], the energy is related by us not to g 
weight but to unit of volume. A characteristic 
peculiarity of Fig. 3 is shown by the steep 
path of the curve in the initial sections and 
the more gently sloping path at large values 
of the energy A. If after this the curve be- 
came quite horizontal, this would imply satu- 
ration of the metal by absorbed energy. 
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In our graph on account of the smallness of 


the strain saturation was not reached. On the 
same graph are placed the data of Fedorov [5] 
for copper and aluminium which also go with 
decreasing slope, but even there the attain- 
ment of saturation was not successful. 


However Khotkevich and co-workers, using 
high degrees of compression of wires, obtained 
almost horizontal regions using large com- 
pressive stresses [10]. It is interesting to 
note that the curve of full absorbed energy 
for steel 6 is higher than for St.3. 


As one of the most interesting graphs 
appears that of the dependence of the total 
absorbed energy on the degree of deformation, 
presented in Fig. 4. Here is drawn the corres- 
ponding curve for copper according to the data 
of Kunin and Senilov (points taken according 
to [7]). The absorbed energy, as before, is 
measured in cal/cm*. From Fig. 4 it is seen 
that the curve of total absorbed energy for 
steel 6 lies appreciably higher than the 
curve of absorbed energy for St.3, and this 
in turn lies higher than the corresponding 
curve for copper. 


The results of measurement of the energy 
absorbed during compression for copper, ob- 
tained by various authors, differ little from 
each other; however, if even the data of 
Beniakovskii are used, which obtained higher 
values for the absorbed energy, then even the 
curve E(«) for steel will be higher than for 
copper. This confirms a well-known corollary 
of the theory of hardening and relaxation, 
checked for copper, aluminium, lead and tin by 
Fedorov [5] that the magnitude of the absorbed 
energy under other equal conditions is the 
greater the higher the melting point. 


On the other hand, comparison of the curve 
for §t.6 and St.3 shows that at almost 
identical melting points the total absorbed 
energy is higher for the metal whose flow 
curve lies higher. 


A further characteristic peculiarity of the 
graphs being examined consists of the presence 
of points of inflection. 


About this it must not be forgotten that 
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FIG. 4. Dependence of the total absorbed 
energy on the true deformation. 


1- steel 6; 2-steel 3; 3- copper (last 
curve calculated from the data of Kunin 
and Serilov [7] ) 
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FIG. 5. Dependence of the 

differential relative ab- 

sorbed energy on the true 
deformation 


1-steel 6; 2-steel 3; 
3-copper (last curves 
calculated from the data 
of Kunin and Serilov [7]) 


the true and not the conditional strain should 
be plotted on the X-axis. The curve constructed 
by Bol’ shanina from the data of Taylor and 
Quinney [7] is particularly characteristic in 
this respect. 


Analogous results emerge also from the ex- 
perimental data of other authors [5,8,10,11]. 
Therefore it would be expected that the 
relative absorbed energy SE£/Se will initially 
grow and then decrease, passing through a 
maximum; In Fig. 5 are presented such curves 
for steel. Here also is the curve for copper, 
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calculated by us from the data of Kunin and 
Senilov [7]. The calculation was made by 
multiplying each point on the curve 5£/5A as 
a function of strain by o in agreement with 
the equation = odE/5A. 


This method of calculation guarantees a 
higher precision than the usual graphical 
differentiation. Both curves clearly possess 
a pronounced maximum. Recalculation of the 
data of Kanzak [4] gives an analogous result. 
Such a course by the curve of relative ab- 
sorbed energy 5E£/Se can be explained by the 
theory of hardening and relaxation. 


For small degrees of deformation the 
magnitude of the total energy F£, absorbed in 
reaching the given deformation «, is small. 
Therefore relaxation ensues in negligible 
degree. 


From here increase in absorbed energy 5E, 
at a deformation 5e prevails over the removal 
of dislocations and the difference OF = 5E, - 
bE ~ BE that is the relaxation introduces 
almost no contribution ("relaxation to 
nothing"). As each successive deformation de 
is realized with greater stress o, then the 
microdislocations arising should be more 
"deep" and less stable, and their total energy 
increases (bearing in mind that the energy of 
deformation 5A, related to the percentage de- 
formation, for all substances in the initial 
regions, increases; 5A/de = 0). 


At large degrees of deformation as a result 
of the large value of E£ the deformation 
relative to the same quantity d« (at constant 
rate (€ = const) gives perceptible relaxation. 
Therefore 5E,.~ 5E, and SE = 5E, << 
that is S5E/Se should decrease according to the 
measure of growth of F and «. Thus, at small 
degrees of deformation, because of the small 
total absorbed energy the processes of relaxa- 
tion do not play significant roles; processes 
of hardening of the material come foremost 
and the form of the curve 5£/d5« is determined 
here by these processes only. 


On the contrary, at high degrees of deform- 
ation the further deformation is accompanied 
by intensive relaxation processes, which pre- 
vail over the processes of hardening and the 
growth of the absorbed energy becomes asymp- 
totic. From this it is clear that the curve 
5E/Se should rise for small deformations and 
fall for large, passing through a maximum. 


I extend deep gratitude to Prof. Dr. M.A. 
Bol’ shanina for the direction of the work, and 
also to D.A. Nikhailova for help in the 
execution of the experiment. 

Translated by W.D. Davis 
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ON THE POSSIBILITY OF DETERMINING THE SHAPE OF THE FERMI 
SURFACE FROM THE ANGULAR DISTRIBUTION OF y-QUANTA FORMED 
WHEN ELECTRON POSITRON-PAIRS ARE TRANSFORMED TO PHOTONS * 


M. A. 
Institute of Metal Physics, 


KRIVOGLAZ and A.A. 
Academy of Sciences of the U.S.S.R. 


SMIRNOV 


(Received 7 October 1957) 


A number of methods have been recently 
suggested for determining the shape of the 
Fermi surface in metals [1-3]. These methods 
are based on a study of magnetic, galvano- 
magnetic and resonance phenomena. To deter- 
mine the magnitude of the Fermi energy, use 
has also been made of a method based on 
studying the photons emitted when a metal is 
bombarded with positrons (see, for example 
[4,5]). The aim of this note is to draw 
attention to the fact that it is also 
possible in theory not only to determine the 
magnitude of the Fermi energy, but to study 
the shape of the Fermi surface for the 
electrons in a metal. 


For this it is sufficient to investigate 
the angular distribution of the y-quanta 
emitted when a small metal specimen is bom- 
barded with positrons, using counters operat- 
ing in coincidence. The specimen used must 
be taken in the form of a single crystal and 
must not be polycrystalline. When electron- 
positron pairs are transformed to photons in 
metals, as is known [6], the major role is 
played by the conduction electrons, not by 
the inner electrons. The probability for the 
transformation of a conduction electron of 
wave vector «k and a positron of wave vector 
« to a pair of photons of resultant wave 
vector p (divided by h/27 where h is the 
Planck constant) can be expressed in the form 


[5] 


oe _, 
| Ux us (r) exp (— 2Qnig r) dt 
+ Qng—-p). (1) 
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where g is the inverse lattice vector, Fae 
and 2-7 the periodic parts of the wave 
functions of the electron and the positron 
respectively in the crystal, the summation 
over @ is carried out over all the inverse 
lattice vectors, and the integration is 
carried out over the volume of the unit cell. 
As is known [7], positrons are able to 
acquire thermal energy in a metal and con- 
sequently the value of ®’ can be placed 
approximately equal to zero (in the typical 
case, when the origin of co-ordinates in k- 
space corresponds to the minimum positron 
energy). It therefore follows from (1) that 
the conservation law must be satisfied, i.e. 


K+ 2ng =p. (2) 


The law of the conservation of energy implies 
that the wave vectors Ps and Py of the 
scattered y-quanta, divided by h, consider- 
ably exceed in modulus the modulus of their 
sump. 


Consider first the quantum transitions for 
which ¢ # 0. For simplicity we assume that 
the electrons in the metal are in a completely 
degenerate state. The vectors «x correspond to 
electrons filling the K-space within the 
Fermi surface. Since P, Pp >> the devi- 
ation from 180° of the angle between the 
first counter, the specimen and the second 
counter operating in coincidence, is deter- 
mined solely by the projection xy of vector 
*® in a direction perpendicular to a line 
joining for example the first counter and the 
specimen (axis 0X). Therefore, by determin- 
ing the distribution of the y-ray intensities 
in a plane perpendicular to axis OX (plane 
YZ), the contour of the projection of the 
Fermi surface on the plane k yk, can be deter- 


mined directly from the contour of this dis- 
tribution, to which it is similar. By varying 
the orientation of the single crystal relative 
to the counters, the projections of the Fermi 
surface on other planes can be determined in 
the same way, in other words the shape of the 
surface can be established. If the value of 
L,=|fu x uy’ (ry dr|? can be regarded 
as approximately independent of k, then the 
intensity of the y-radiation corresponding 

to any given value k, = ~, is proportional to 
the number of electrons with wave vectors 
having the projection 1. In other words, the 
intensity is proportional to the length of 
the intercept within the Fermi surface 


parallel to the axis k, and passing through 
the end of vector &) . Thus, if L, is 
independent of k, (or if the relationship is, 
known and can be allowed for), the Fermi sur- 
face can be established from the distribution 
of the y-ray intensity even for a set orient- 
ation of the single crystal. 


When g# 0, the probability for transitions 
corresponding to this g is proportional to 
u.(r)ué*(?) exp (- 2m igr) dr|?. If the 
value of L* is not very small, these transi- 
tions also can play a substantial part. 
Transitions corresponding to any given value 
of e lead to the setting up of an intensity 
distribution in plane YZ, bounded by the same 
contour as in the case when g = 0, but dis- 
placed through a vector proportional to the 
vector 27 gy (where g) is the component of 
vector % perpendicular to axis 0X). Because 
of this, distributions corresponding to diffe- 
rent values of g can be superimposed, and the 
picture of the intensity distribution, 
generally speaking, becomes blurred. However, 
for certain directions of the OX axis, 
corresponding to small indices (e.g. (100), 
(110) etc.), the distances between the ends 
of the 27 g) vectors are quite large and con- 
sequently the images of the Fermi surface in 
the YZ plane, corresponding to different 
values of Zz) , do not overlap, (or only 
slightly). ch spot is then produced as a 
result of the superposition of coincident 
contours, for which} is the same (but @ 
different). The intensity distribution in the 
YZ plane, corresponding to the contour of 
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the Fermi surface, will be repeated many times 
with falling intensity, as the distance from 
the spot corresponding to g = 0 is increased. 
Thus, in this again it is possible to invest- 
igate the shape of the Fermi surface. 


This method could be used to study the 
shape of the Fermi surface not only in pure 
metals but in alloys also. In particular it 
would be possible in this way to study the 
change in shape of the Fermi surface during 
phase changes such as order-disorder trans- 
formations. 


It should be noted that the picture ob- 
tained of the intensity distribution must be 
distorted because of the finite size of the 
specimen and the counters, the Coulomb inter- 
actions between electron and positron and 
between the electrons of the metal themselves, 
and the possibility of transitions in which 
phonons, etc. are emitted or absorbed. The 
method set out above can clearly be used, if 
these distortions are not excessive. An in- 
vestigation into the influence of these 
effects on the angular distribution of 
radiation must form the subject of a special 
research. 


In conclusion, we take this opportunity of 
expressing our thanks to I.Ia. Dekhtian, who 
drew our attention to the experimental papers 
in which measurements have been made of the 
magnitude of the Fermi energy from the angular 
distribution of y-radiation. 


Translated by ©. Bishop. 
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From the point of view of the method of 
collective interactions, a metal can be 
regarded as an isotropic plasma of ions and. 
electrons. This, the so-called plasma model 
of metals, although it does not take into 
account the periodic arrangement of the ions 
or the presence of bound electrons in the 
ionic skeleton nevertheless gives excellent 
results in explaining those physical phenomena 
the characteristic lengths of which greatly 
exceed the mean inter-particle distance. 
Certain consequences deduced from this model 
have been compared with experimental data in 
papers [1-3]. The results obtained in these 
papers give grounds for hoping that other 
physical phenomena can be explained on the 
basis of the plasma model, and in particular 
the electrical effects produced when ultra- 
sonic oscillations are set up in a metal. 


Calculations in [1] indicate that when a 
longitudinal ultrasonic wave of amplitude {X, 
frequency w and wave number gq is propagated 
in a metal, electrical .charges are produced 
which set up an electrical field of potential 


(1) 


where M is the ionic mass, e the ionic charge, 
4m ne*/M is the plasma frequency of the 
ionic oscillations and n is the density of the 
number of ions. The production of electrical 
charge in an ultrasonic wave is associated 
with the difference in coefficients of com- 
pressibility as between the electron and ion 
fluids. At amplitudes X which can be attained 
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experimentally, formula (1) gives an observ- 
able potential difference between the nodes 
and antinodes of standing waves. This 
potential difference oscillates at frequency 
@. 


The presence of this potential difference 
leads to the formation of electrical currents 
which in turn leads to dissipation of the 
sonic energy. Under stationary conditions 
(standing waves) the potential nodes will be 
current antinodes. Then the heating effect 
on the metal at the current antinodes will 
lead to a stationary temperature gradient 
being set up between the antinodes and the 
nodes, which can be determined by measuring 
the magnitude of the thermoelectric e.m. f. 


We shall now calculate the coefficient of 
sound absorption a, associated with the pro- 
duction of electrical currents. The energy 
flux density for a wave propagated in 
direction z, is determined by the expression 


1 
S=ce= |X|? ge, 


where c is the velocity of sound. The amount 
of energy absorbed in unit time per unit 
volume because of the presence of current is 


where o is the electrical conductivity. From 
the continuity equation for energy 
Oe om 
divS=——=— 2 2 
we have 
w2.m 


tox 


where m is the electron mass. For noble metals, 
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the value of a for w= 10° is of the order of 
107°-107’. 


The temperature difference between nodes 
and antinodes in a standing wave, due to 
resistance heating, is 

yT ~ ECaA (3) 
y 
where y is the thermal conductivity. 


To check these results, deduced from the 
plasma model of metals, a series of experi- 
ments has been carried out. The sonic power 
input to the metal was of the order of 
10 watt/cm*. The expected value of alternat- 
ing e.m.f. was 10 pV, and the expected temper- 
ature gradient 0.1°C. 


The experiments were carried out on a poly- 
crystalline specimen of electrolytic copper, 
125 x 50 x 5 mm in size. Oscillations were 
set up in the specimen by means of a magneto- 
striction probe, which was water-cooled during 
operation. The length of the standing wave ob- 
tained was A = 5 cm. Along the specimen were 
placed six contacts at intervals of 12 mm 
(corresponding to a distance of A/4). The 
contacts were of tin, so that it was possible 
to measure the thermo-electric e.m.f. 


In measuring the alternating e.m.f., we 
endeavoured to screen the probe as carefully 
as possible, to reduce the background. 


The results of measurements of the alter- 
nating e.m.f. are in satisfactory agreement 
witn the values determined from equation (1). 


The maximum value found for the alternating 
e.m.f. set up between two adjacent antinodes 
was of the order of 10 pV. Its distribution 
along the specimen corresponded to the stand- 
ing wave. 


The distribution of the stationary temper- 
ature gradient along the specimen also co- 
incided with the standing wave, but its value 
was about ten times as great as the estimate 
given by formula (3). This discrepancy is 
apparently due to effects of specimen shape 
and microstructure, and to eddy currents, 
which we did not allow for in deducing formula 
(3). 


It should be noted that we also neglected 
other possible mechanisms causing sound ab- 
sorption. However, from the point of view of 
the plasma model, the absorption mechanism we 
have considered is the main one. 


Translated by E. Bishop. 
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A number of papers have appeared recently 
[1,2], in which the magnitude of the activa- 
tion energy for vacancy formation in a 
crystalline lattice is estimated from the 
shape of the high temperature dilatometric 


curves [3]. Gertsriken [1] has drawn attention 


to the fact that when a metal is heated, the 
change in its volume must be considered as 
originating on the one hand from thermal ex- 
pansion and on the other from the metal be- 
coming swollen due to vacancies. The total 
volume change as a function of temperature 
T is described by the expression 


RT. 


V 
(1) 


in which the last term is due to vacancy 
swelling. Then the volume change associated 
with the vacancies will be 


where C is the vacancy concentration and En 
their energy of formation. 


In dilatometric experiments, measurements 
are not made on the volume change proper but 
on the change in specimen length, and in all 
cases of isotropic materials, the relation- 
AV Al 

= 3—. 3 
3 (3) 
is regarded as valid. 


Manipulation of the results of dilatometric 


measurements leads, for a number of metals, 
to values of Ep near to those found in other 
determinations. In particular, gold exhibits 
good agreement with values obtained from ex- 
perimental data on the quenching in of 
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vacancies, i.e. Ep = 18.2 kcal (0.79 eV) [4]. 
This value leads to a concentration of 1.08 x 
107? near the melting point. In gold, as has 
been shown by experiments on the effect of 
vacancies on electrical resistivity, it is 
quite easy to quench in vacancy concentrations 
of 1-5 x 10°". It would therefore seem that a 
dilatometric specimen which had previously 
been quenched with this number of vacancies, 
should contract by the same amount on anneal- 
ing in the dilatometer. 


We have made an attempt to measure this 
volume change. 


Since a comparatively large value was to 
be measured, the dilatometer was of simple 
design. In essence it was a differential 
dilatometer in which the behaviour of two 
gold specimens, one fully annealed, the other 
the test specimen, was compared simultaneously 
The specimens were tubes wrapped from gold 
sheets 0.1 mm thick. The tube length was 
100 mm and its diameter 3 mm. If relationship 
(3) held good and the specimen had a quenched- 
in vacancy concentration of 3 x 107", its 
length should have increased by 0.01 mm. The 
design of the dilatometer was such that this 
value could be measured with an error of not 
more than a few per cent. The specimens were 
quenched from between 700 and 950°C (corres- 
ponding to equilibrium concentrations between 
7x 107° and 5 x 107" respectively), by plung- 
ing in distilled water. The vacancies were 
driven out in the dilatometer at specimen 
temperatures between 100 and 200°C, in various 
experiments. The vacancy concentrations in the 
quenched specimens were checked from the in- 
crease in electrical resistivity at liquid 
helium temperature. The disappearance of the 
vacancies after annealing was checked in the 
same way. 
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The experiments carried out showed that, 
within the indicated error, no change in 
length was observed on annealing the quenched 
specimens. 


This result can be explained under two 
assumptions: either the volume of the metal 
does not change when vacancies are formed (or 
removed), or relationship (3) does not hold 
good in these circumstances. In particular, 
it appears that it is inapplicable to any 
volume change associated with vacancies. If 
this is so, the shape of the specimen plays a 
very important part in determining the diffu- 
sion path and the diffusion period (Dt = x*, 
where D is the diffusion coefficient, t the 
diffusion period and x the distance). 


In fact, for a thin sheet almost all the 
change in volume takes place by thickening, 
due to the arrival of atoms on the metal sur- 
face as vacancies are formed, since in this 
case the diffusion times along the longest 
and shortest dimensions respectively are 
different by a large factor. Here, relation- 
ship (3) must be replaced by the equation 
V ls ls 
where the elongation Al, is identical in all 
three dimensions. This expression only gives 
the same result as (3) when the specimen 
dimensions are identical in all three direc- 
tions (e.g. for a cube or sphere). With the 
test specimen dimensions selected, of ly = 
0.1 mm, 1, = 8 mm, and 1, = 100 mm, practical- 
ly all the volume change occurs by thickening; 
in the direction of the longest dimension, on 
the other hand, Al,/1, = 10-7(Av/v), i.e. at 
least ten times smaller than the accuracy of 
our dilatometer. 


It appears that this result indicates the 
need to exercise great care in using dilato- 
metric measurements for calculating values 
characterizing the parameters of diffusion 
processes. This has a particularly marked 
effect on determinations of concentrations, 
since in dilatometric measurements, the 
immediate value measured is specimen elonga- 
tion, which can lead to incorrect values of 
volume change, unless all the specimen 
dimensions are taken into account. In the most 
detailed work on the study of thermal expan- 
sion in a number of metals (Au, Pt, Ag, Cu, 
Al, Mg etc.) at elevated temperatures, the 
length to diameter ratio of the specimens was 
about 2. This introduces an error of twice 
the amount in determining the volume change 
due to vacancies. 


This state of affairs does not lead to 
substantial error in determining the activa- 
tion energy for vacancy formation, if the 
curve of change of length with temperature 
is used, as was the case in the papers refer 
referred to. 


Translated by E. Bishop. 
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In magnetic properties, alloys of manganese 
with phosphorus belong to the class of ferro- 
magnetic substances [1]. 


As was shown by Guillaud [1,2], the mag- 
netic transformation temperature for 
manganese phosphides depends on the strength 
of the magnetic field. 


This raises the question of whether 
manganese phosphides have a Curie point at a 
temperature of about 25°C. In other words it 
is still not clear what type of phase trans- 
formation takes place in manganese phosphides 
near this temperature. In order to clarify 
this point and also to establish the nature 


of the conductivity, we have investigated the 
variation of electrical resistivity with 
temperature, for alloys of manganese and 
phosphorus containing between 33 and 53 at. 
per cent of the latter. 


The alloys were prepared from vacuum sub- 
limed electrolytic manganese and 99.9 per 
cent pure red phosphorus. The thermal condi- 
tions of alloy preparation were similar to 
those described in [3], so that it would be 
possible to compare our X-ray phase analysis 
data with the results given in that paper. 
Parallel chemical analyses were carried out 
on the alloys, to find the manganese content. 


All the alloys made were ferromagnetic. 
Specimens were made from the alloys, in the 
form of rectangular-section plates. Electrical 
conductivity measurements were carried out by 
the potentiometric method, using d.c. The 
electrodes were made from indium - 5 per cent 
silver alloy, brazed to the specimens. For 
measurements above 0°C, the specimens were 
kept in a Gepler thermostat, keeping the 
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temperature constant to within a few 
hundredths of a degree. Measurements in the 
range from the boiling point of nitrogen to 


TABLE 1. Specific resistivity of the alloys. 


P content of | Specific resist- 
alloy at. % jivityp, ohm. cm 


3,1 1078 
2,4. 107% 
4,7- 107° 
6,9- 107° 


room temperature were carried out with the 
specimen in a massive lead sphere suspended 
in a Dewar flask. 


Readings were taken on alloys containing 
33 at. per cent P (MnP), 50 at. per cent 
P (MnP + MnP), 46 at. per cent P (MnP + MnP), 
50 at. per cent P (MnP) and 53 at. per cent P; 
the specific resistivity values, p, are given 
in the table. 


The alloys rich in phosphorus have in 
general high values of electrical resistivity. 
All the alloys tested have metallic type con- 
ductivity. 


Fig. 1 shows the temperature curves for 
the specific electrical resistivity of Mn,P 
and MnP in the range 77 to 370°K, taken on 
heating and on cooling. 


All the resistivity-temperature curves ex- 
hibit a break at t = 22°C, irrespective of 
the phosphorus content of the alloy. The 
nature of the break is similar to that ob- 
served in ferromagnetic materials at the Curie 
point transition. It can thus be concluded 
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FIG. 1. Var¥ation with 
temperature of the specific 
electrical resistivity of 
MnP and MnP, on heating 
(0) and on cooling (x). 


that the observed temperature of 22°C is in 
fact the Curie point, which, as in ordinary 
ferromagnetic materials, must be independent 
of the magnetic field strength. 


Additional confirmation for this comes 
from the results of our studies of the 
galvanomagnetic properties, which will be 
described in a further paper. 


Meanwhile there are insufficient data to 
explain the fact that the break on the resist- 
ivity-temperature curve occurs at one and the 
same point for MnP and MnP. It should be 
noted that this is in complete agreement with 
the results of the magnetic measurements 
carried out by Guillaud [1], who showed that 
the magnetic change point is independent of 


the alloy composition. It is not impossible 
that of the two compounds MnP and MnP, only 
the latter is ferromagnetic, with a Curie 
point of 22°C, and that it is apparently 
formed in small quantities when preparing 
the compound MnP. 


Below the Curie point the resistivity- 
temperature relationship is almost linear, 
departing noticeably from linearity only at 
temperatures around 77°K. The temperature 
coefficient of resistivity for MnP in the 
linear portion of the curve is a = 4.3 x 
107?/°c, and it undergoes a sudden change at 
22°C. The resistivity-temperature relation- 
ship above the Curie point is again linear. 
The metallic nature of the conductivity of 
the ferromagnetic manganese phosphides 
investigated does not contradict the con- 
clusions reached in [4]. 


Translated by E. Bishop. 
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MAGNETIC INVESTIGATIONS ON ALLOYS IN THE 
MANGANESE-GERMANIUM SYSTEM* 


S.D. MARGOLIN and I.G. FAKIDOV 
Institute of Metal Physics, Academy of Sciences of the U.S.S.R. 


(Received 25 February 1958) 


It has been reported in an earlier paper 
[1], that the alloy of 30 at. per cent Mn and 
70 at. per cent Ge has two ferromagnetic 
change points in fields between 20 and 2400 
oersted and the temperature range between 77 
and 398°K. The high-temperature ferromagnetic 
change occurs at 283°K, and the low-temper- 
ature change (on heating the specimen) at 
148°K in a field of 38 oersted and at 130°K 
in a field of 2432 oersted. The maximum 
magnetisation in all fields occurs at 173°K. 


Two ferromagnetic change points have 
previously been observed in alloys of the 
Mn-Ge system, on the basis of studies of 
their electrical properties [2]. 


Our investigations confirmed that the 
ferromagnetic state in these alloys is 
entirely due to the compound Mn.,Ge,. 


However, it is very difficult to produce 
the compound Mn Ge, in the pure form; it 
forms by a peritectic reaction between Mn. Ge, 
and melt containing 50.5 at. per cent Ge 
[3]. Moreover, admixtures of the phase Mn .Ge,, 
even in quite insignificant amounts, have a 
marked effect on the properties of the com- 
pound Mn,Ge,, since the compound Mn Ge, is 
strongly ferromagnetic [3,4]. 


To elucidate the physical nature of the 
above-mentioned two ferromagnetic change 
points, the magnetic investigation commenced 
previously has been continued, both on speci- 
mens containing 30 at. per cent Mn, 70 at. 
per cent Ge and on specimens with other 
germanium contents. 


Examination of micro-sections showed that 
the only structural constituents of these 
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alloys are the chemical compound Mn Ge, and 
germanium. 


Results of the Investigation 


The curves shown in Fig. 1 for the 30 at. 
per cent Mn, 70 at. per cent Ge alloy indicate 
that, above a magnetic field strength of 1500 
oersted, the coercive force H, and the 
residual magnetisation I, are independent of 
the field. The coercive force under these con- 
ditions reaches a maximum value of 530 oersted 
at a temperature of 231°K, and vanishes at 
temperatures of 146 and 280°C (Fig. 2). 


From the curves given for the same specimen 
in Fig. 2, at field strengths of 2432 and 76 
oersted, it can be seen that in the low- 
temperature range the shape of the magnetisa- 
tion-temperature curve depends on whether the 
specimen is being heated or cooled. The con- 
sequent difference in the low-temperature 
ferromagnetic change point in fields of 2432 
oersted@ is 16°. 


oersted 


SMe, | 


3104 
t, oersted 
FIG. 1. Curves showing the variations 
of coercive force H. magnetisation I 
and residual magnetisation #, with mag- 
netic field strength H;, for the 30 at. 
per cent Mn, 70 at. per cent Ge alloy: 
1- at 173°K; 2- at 231°K; 3-at 231°K; 
4-at 77°K. 
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It can thus be seen that this alloy ex- 
hibits magnetic hysteresis in the temperature 
range 118-130°C. 


Magnetic balance investigations on this 
alloy in our laboratory have shown that above 
283°K the magnetic susceptibility obeys the 
Curie-Weiss law. 


Thermograms obtained on a Kurnakov pyro- 
meter for the entire series of alloys from 40 
at. per cent Ge upwards confirmed the occur- 
rence of a. first order phase change in these 
specimens at a temperature of 113°K [9]. 


ferromagnetic change points. However, the true 
ferromagnetic Curie point for these alloys is 
283°K, which is confirmed by their obeying 
the Curie-Weiss law in the temperature range 
above 283°C. 


2. The low-temperature ferromagnetic change 
point is a first order phase change. This 
conclusion is confirmed by the following 
facts: 


(a) the thermogram obtained on the Kurna- 
kov pyrometer shows evidence of the occurrence 
of transformation processes at 113°K, with 


70 


60 


a at 2432 oersted 
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FIG. 2. 


Shape of the curves of magnetisation and coercive force against 


temperature for the 30 at. per cent Mn, 70 at. per cent Ge alloy: 


0 - on heating; 


These investigations on specimens with 
various Ge contents (40 at. per cent Ge and 
upwards) have shown that there is a low- 
temperature ferromagnetic change point in all 
these alloys. 


Conclusions 


1. Alloys in the manganese-germanium system, 
with 40 at. per cent Ge and upwards, have two 


x - on cooling. 


latent heat of transformation. 


(b) In the low-temperature range, the 
relationship between magnetisation and temper- 
ature is not single valued, but is determined 
by whether the specimen is being heated or 
cooled. When the specimen is being cooled, 
for example, in a magnetic field of 2432 
oersted, the ferromagnetic change point is 
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STUDIES OF THE NON-DESTRUCTIVE TESTING OF RAILWAY RAILS 
IN MOVING MAGNETIC FIELDS 
8. ROUGH EDDY CURRENT DIAGRAM IN A RAIL HEAD* 


V.V. VLASOV 
Institute of Metal Physics, Academy of Sciences of the U.S.S.R. 


(Received 31 October 1957) 


In order to obtain an idea of the tracing 
of defects in rails by means of the eddy 
currents induced in them by a moving magnetic 
field, it is necessary to have some picture 
of the topography of these currents. Whether 
certain defects will show up depends on the 
direction followed by the eddy currents. Thus, 
for example, it should be expected that cracks 
running perpendicular to the lines of current 
should apparently be more effectively reveal- 
ed than those at other angles to the currents, 
and that no indication should remain when the 
lines of current are tangential to the sur- 
faces of the cracks. 


The eddy current topography in rails de- 
pends on the way they are magnetized. It is 
impossible at present to set up a really de- 
tailed diagram of the eddy currents in a rail 
magnetized "longitudinally" by the moving 
poles of a JI-shaped electromagnet supplied 
with d.c. However, on the basis of certain 
papers [1-3], it is possible to put forward 
a rough diagram for the eddy currents in the 
rail head in this case. The diagram is dis- 
cussed below. 


The eddy currents induced in the rail head 
can be regarded as forming as a result of the 
superimposition of separately induced longi- 
tudinal and transverse current components. 
These are due to the corresponding components 
of magnetic flux. These fluxes and the eddy 
current components they induce are shown 
schematically in Figs. 1a and16.Fig. la shows 
the transverse component of flux and the 
longitudinal current component if produces. 
Fig. 16 shows the longitudinal component of 


flux and the transverse current component due 
to it. Each of these currents is shown in the 
form of a torus intersecting the surface of 
the diagram, which surface is the vertical 
plane dividing the rail head into two sym- 
metrical halves. The current components are 
assigned directions which take into account 
the direction and nature of the change in the 
flux component in the corresponding area of 
the rail head when the magnetic field source 
is moving. 


The transverse component of flux in the 
areas of rail head under the inner edge of 
the leading pole of the electromagnet exceeds 
the longitudinal component, as has been shown 
experimentally [1]. There are grounds for 
believing that a similar relationship between 
the transverse and longitudinal components 
for current also holds good in other areas of 
the rail, and in particular in the interpolar 
gap of the electromagnet. The eddy current 
diagram shown in Fig. lc has been constructed 
on this assumption. 


It can be seen from this figure that the 
direction of the eddy currents in different 
areas of the rail head depends on their posi- 
tion relative to the electromagnet; the eddy 
currents in the areas between the electro- 
magnet poles are all in the same direction. 
The correctness of the last point is con- 
firmed by measurements of the magnetic flux 
in a rail head [3], and by the longitudinal 
component of voltage of the electrical field 
in the rail head surface [2]. In going from 
the leading pole of the electromagnet to the 
trailing pole the currents fall off [3], 
culminating in a reversal of direction near 
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| 
i 
FIG. 1. Rough diagram of eddy currents 
in a rail head magnetized by the field 


of a moving magnet or electromagnet 
supplied with d.c. 


H,» H, and H, are the external magnetic 
fields. The currents are represented in 
the form of tori intersecting the sur- 

face of the diagram, and the field they 


produce is shown by arrows. 


a- transverse components of flux «5 and 
the longitudinal current components 
they produce; 


b- longitudinal] components of flux @ 
and the transverse current components 
they produce; 


c-diagram of currents in the rail head, 
obtained by superimposing the longi- 


tudinal (a) and transverse (6b) components. 


currents in areas of the rail head under the 
interpolar gap of the electromagnet is 
favourable for revealing longitudinal cracks 
and less favourable as regards transverse 
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THE INFLUENCE OF ORDER ESTABLISHMENT ON THE MAGNETIC 
PROPERTIES OF A BINARY FERROMAGNETIC ALLOY* 


YAN SHI 
Moscow State University named for M.V. Lomonosova 


(Received 25 April 1957) 


The temperature and field dependence of the anisotropy constants of binary 
ferromagnetic alloys has been worked out with the help of the variation theorem 
of Bogolyubov, in which the degree of order is taken into account. The 
theoretical formula expresses the results of experiments qualitatively, and in 
particular the anomalous temperature behaviour during disordering in the alloy, 
discovered in the experiment. 

The temperature dependence of spontaneous magnetization of the alloys has also 
been calculated. 


1. Magnetic anisotropy, being an important characteristic of ferromagnetic substances, plays 
a most important role in a number of problems connected with ferromagnetism. Usually 
anisotropy is expressed by means of so-called anisotropy constants, which are coefficients of 


the division of the free energy of the ferromaget into a number of magnetization vector 
cosines, according to the degree of directionality, with regard to the crystallographic axes, 
It is not the aim of the present article to explain the reasons for the formation of 
anisotropy and to analyse the role of various factors, but only to make an effort to roughly 
consider the question of the form of dependence of anisotropy constants on temperature and 
external magnetic field, taking into account the degree of order, As the result of a number 
of experimental investigations in this field, Puzei [1] has discovered certain anomalies in 
the anisotropy constant curve of disordered alloys, i.e. some increase in anisotropy constants 
with increase in temperature, their independence of temperature in a wide temperature range, 
etc, This phenomenon doubtless has a great practical bearing on the utilization of ferromag- 
netic materials. Hence it would be of particular interest to obtain some, although only 
preliminary, theoretical basis. 

In view of the complexity of the full multielectron problem, we shall use for the calculation 
a simpler model. For this let us note that, to a certain approximation, it is possible to 
consider the Hamiltonian of a ferromagnet as a function of the spins of electron operators, 
which can be represented in the form of a number of symmetry conversions [2], with respect to 
invariables relative to the permissible group, We shall carry out the calculations ly using 
an approximation which is equivale@t to the approximation of Weiss’s molecular field, The 
approximation is fairly rough, however it is possible to obtain a general qualitative picture, 
Besides, in a certain sense this is another limiting case as compared with the work of 
Tyablikov and Gusev [3], where the spin wave method is used. 

For the solution of the problem we shall use Bogolyubov’s theorem of one variation principle 
in the theory of static equilibrium [4]; if the Hamiltonian of the system is represented as 
the sum of two members, 
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then for the free energy of this system, there is a disparity. 


é 


Hy 


sp H, exp ry 


spexp|— 


where the holes are taken according to the ftinctions of the operator Ho. 

Hence, for the approximation of F above, Hy and Hy must be taken so that they should contain 
arbitrary parameters ...s..., which are then selected in such a way that the right-hand side 
(2) should have a minimum, kere the division of H into Hy and Hy is conveniently carried out 
in such a manner that the whole of the operator exp (- #2) can be calculated fairly simply. 


2. Let us consider the case of only crystallographic anistropy, Assuming that there is one 
electron in each lattice unit responsible for ferromagnetism, we can write the Kamiltonian of 


a ferromagnet of the cubic system in the form [3], 


F —Olnsp exp(— +. 


i 


where H is the externa] magnetic field; sy is the a-component of the spin operator of the 
electron belonging to the fth-unit; J, describes the usua] exchange interaction, and J, and 


J, the magnetic interactions of electrons. 
Let us change in A from the spin operators to the Bose operators according to the formulae 


(the spin electron is assumed to be unity in the parts +: h is Planck’s constant) [5]: 


sf = of (1—2n,) + Ajo (my) b, + At 
: (4) 
= (1 — b; b,, 


where A*% is a certain known function of the components of single classic vectors o B (B = 
1, 2, 3). We shal] assume as usual] that all vectors are orientated parallel to each other, 

By inserting (4) into (3) and introducing the parameter of pairing s, we divide H into A, 
and A, in the following manner: - 


Hy J: (f) (1 —2n,) — fz) (1 —2ny,) (1 — 2nj,) 


— fa) (1 — (1 — 25.) — 


4, 


and by Hp we denote the operator into which bes ot enter for various units. It is easily 


(Note: th in equations means tanh ) 
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noted that spur | H,exp = 0. 
Introducing the'term 


f e 


it is not difficult to compute an expression for F from (2). 


F (s) =F + oF, (s) (s), 


F,(s) =—O@Din(e’ +e %) +5 Jy (f) tanh 2, — 


] 
fs) tanh Ay, tanh Mas (11) 


FiO) tanh Ay,... tanh d,,, 

11” 
fs) tanh dy, ... tanh Ay. 


The formula (10) gives an approximate expression for the free energy if a value is taken for 
s obtained from the minimum condition for F according to s: 


F’ (s) =0. 


The ratios of F, and F. to F. are of the same order of magnitude as the ratio of the energy 
of the magnetic interaction of electrons to the energy of exchange interaction, and are hence 
smal]. 


F,(S) > ©,F,(s), ®2F2(s). (12) 
It is obvious that one must look for s in the form 


+S; + So, So » Si, So. 


We obtain in the first approximation 
w1 (5p) ws (59) 
Fo(s,) =0, =———,, 3 
Fy (Sp) Fo (So) 
In the same approximation for the free energy we have 
F = F, (Sy) + (So) + 2 (S,). 


It is easily noted that for a pure ferromagnetic metal (when all units are equivalent) 
expression (15), when F, =F, = 0 has the simple form 


F =N\—# In [exp + exp (—>)] + 


N N 


3 
| 
9 
| 
(13) 
(14) 
(15) 
where 


Magnetic properties of a binary ferromagnetic alloy 


N is the number of units in the whole crystal, This is nothing else than the wel]-known 
Langevin expression [6], if the mean value J, of changeable interaction is interpreted as 
Weiss’s molecular field. In this particular sense, the approximation considered here is 
equivalent to Weiss’s approximation. 

From (15) we easily obtain formulae for spontaneous magnetization and for the anisotropy 
constants. 


OF* . 
M =p +2 (fa) — Ja (Fas fa) th th’ Mp, 
fe fi 


and s. is determined from the equation 


where A is hy (see formula (9)), taken when s = So) is 


(4) = 0. 
In the particular case of a pure metal we have: * 
M =vN th?’, 
0 63,9 


4! 6! 


In the case of an alloy, the expressions (18) - (18°) are rather clumsy, They can be 
somewhat simplified if it is assumed that the values of J, Ji. and J, differ from zero only 
for closest neighbours, 

In order to take the degree of order clearly into consideration, we shall proceed in the 
following manner, 

Let us consider the case of a binary alloy, i.e. let the alloy consist of atoms of two types 
a and b, say, Ni and Fe. Let wag) denote the probability of an atom of type a (a or 6) 
having as its closest neighbour an atom of type B(aorf ). 

Then 


W (a) = Ng— Ne, = 


= (1+ Wb) = No—n (21) 


where Na and np are the concentrations of type a and b atoms; & is the degree of short-range 


order. 


1. 2, if f belong to a 
— 11,8) J 55 +n,(1 +5) Jap] if f belongs w b (22) 


where /.3 is the usual exchange integral between atoms of type a and f; the symbol f 
belongs to a (or 6) and denotes that in the f th angle there is an atom of type a (or 6); z is 
the number of closest neighbours, 

Let us now consider the first anisotropy constant K of the formula (18). In this connexion 
let us also note that J, depends on four arguments. We shall assume that J, differs from zero 


* All results concerning pure metals have been calculated by Tyablikov. 
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only when each of its four arguments is the closest neighbour with respect to all remaining 
three. 

Further, we shall assume that only five different values exist for J. One value applies 
when none of the arguments is a type 6 atom, and four values apply when 1, 2, 3 or 4 arguments 
are type 6 atoms. Let us deonte them by Jas; Jas»; Jat; Japs and Jos, respectively, 
and let them meet for the given degree of order establishment with the respective weights: 


W;, Ws, W;, 


As a concrete case let us consider a Ni-Fe alloy in the neighbourhood of the stoichiometric 
composition Ni,Fe and let us analyse the formula 18’ for the two limiting cases of fully 
ordered and ful ly disordered states. 

When fully ordered, Ni, Fe has a face-centred cubic superstructure, in which Ni atoms 
are situated in the crystal faces, and Fe atoms at the corners. It can easily be seen that 
in this case W) = W, =W.= W, =0, if a stands for Fe, and 6 for Ni. 

This means that in 18’ only one member remains, 


K,= Ki yn th th® 


CNI Nispe 


12 (H - (a) (a Fe, Ni) (25) 


and c is the number of the closest group of four which can be formed for each atom. In this 


case c = 8. 
The respective curve fer J at ff = 0 is shown in Fig, l. 
In the case of complete disorder 


cN 14 4,0 3 350 0 
Ky = — + th” th + 


2 2 2,0 0 +0 350 
+ 6n,.. fy: th” th” Ay; + 4n,, 


4 4.0 
th Anil’ (26) 


From (19’) and (20) it can be seen that J he and ts are synonymously associated with the 

anisotropy constant at absolute zero for each of the components separately, namely 
cNJ 
(2) (a= Fe, Ni). (27) 

It is known that K°(Fe) and A?(Ni) have different sigs, hence, Jyjs and Jp: also have 
different signs. Hence it follows that the curve (26) can have a maximum, i.e. a portion may 
exist where ky has an anomalous behaviour (it increases with increase in temperature, See 
curve III in Fig. 1. Discovered in the course of experiment). 

As the anisotropy constant continuously changes with change in degree of order, i.e. curve I 
for constant deformation turns into curve III, at a certain degree of order a portion may 
exist on the curve where K, is practically independent of temperature (curve II), which has 


also been found in the course of experiment, 
Further, temperature @ and the external magnetic field H come into the formulae (23) and (26) 


* This obviously is only abstract. In reality the picture is incomparably more complicated. 
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always in a definite combination*; hence together with the anomaly in temperature behaviour 
there must also be an anomaly in the field behaviour, which is clearly observed in the 
experiment [9]. Out of eight constants (five J, and three J,), five can be simply determined: 
J as and Job are determined according to the Curie points of the component entering, and Jas 
and Jp, and Jp, are determined, as already noted, according to the values of K, 

at absolute zero for both components and for the fully ordered alloy, respectively. Taking the 
Curie points 7,(Fe)=1047°; 7, (Ni)=640° and K? (Fe)=100 x 10° erg/cm3; K° (Ni)=80 x 10 erg/cm); 

K (M,Fe) = -5.3 x 10* erg/cm?, we obtain the following result for these constants: 


Jx(Fe)~ 1.8-10-"* erg J,(Ni)~0.73- 107"* erg 
~ 2.8 erg 1.8 107!" erg 
~ — 1-2-107'* ere 


The ratio J,|/lJ,| ~ 107° may be assumed to be small, which verifies the suggestion we 
made in the beginning (see formula (12)). 


° 
1 yn 


etg/cm* 
200 


7 


200 


3 100 0 100-2000 t°C 


6 


Fig. 2. Temperature behaviour of the 
anisotropy constant K of a specimen containing 


Fig. 1. Temperature behaviour of the 
anisotropy constant according to formula (18%). 


Curves II and III are represented schematically. 76.4% Ni, 23.5% Fe: 
1. - quenched from 600°. 


2. — after prolonged annealing. 


It is interesting that Jreni3 is by one order less than Ina and a An explanation for 
this interesting case can be given only in a more detailed theory. 

As regards Jab and J 22 as well as Jab: it is hardly possible, within the limits of this 
semi-phenomenological theory, to say anything about their value or sign. The presence of 
these indeterminate factors makes a quantitative comparison of the theory with experimental 


results difficult. 
3. In the scheme under consideration, it is also possible to obtain a formula for 


spontaneous magnetization of the alloy as a function of temperature. 
Let us consider formula (18). If a rough approximation is made in it, averaging J, (f) in 


all lattice units, i.e. replacing J, (f) ty the mean value 


(1, — J gq + (1 +4) Jao + My 2, (28) 


then ? will cease to depend on f, and then the following formula will be obtained 


* This value refers to pure iron. In order to insert it into the formula (26) it must be 
recalculated for a body-centred cubic lattice, which leads to its increase hy some 


3 - 5 times. 
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(H Mz 


+ (1+ 8) Jao +My — 1,8) (29) 


M = Np th 


which was earlier obtained by Vonsovskii [7]. However, if this averaging is not made, we 
obtain a somewhat different expression which in its main aspect takes the following form: 


M = Nu {n, thro + 1, thd}. (30) 


That is, the spontaneous mangetization curve consists of two curves with, generally speaking, 
different Curie points. 

This leads to the appearance of a plateau. However, in actual fact the picture becomes 
complicated hy the fact that the Kurnakov point for the order-disorder transition lies 
between the Curie points of the two components, which leads to the appearance of the 
disordered phase (or ordered phase) on passing through this temperature (see, for instance, 

8). This was not taken into consideration in our theory. The appearance of phases also 
brings about a plateau in the spontaneous magnetization curve; hence, for comparing formula 
(30) with experimental results, the phases must be removed, which appears to be difficult.to 
do in the experiment, 

In order to elucidate the influence of anisotropy on the extent of magnetization, it is 
necessary to take into consideration the following members separately according to their oo. 
For an alloy the expression is very clumsy, and hence we shall not write it out, Let us write 
only the expression for a pure metal: 


M= Np + 


3! J, ! J, O/J,— th’? 


where J, and J, are the average values for J, and Jy: 


fo 


De th--- fe) 
4 N N (32) 

4. A quantitative check of results for an alloy, as already noted, is difficult. However, 
hy applying a few supplementary simplifications and assumptions, it is possible to plot curves 
(see Fig. 1, curves I, III). For comparison we also show the experimental curves (Fig. 2). 

As can be seen, if there is still qualitative agreement, the quantitative theoretical curves 
are quite far from reality, especially at low temperatures, This is closely associated with 
the fact that according to the theoretical formula (19°), the first anisotropy constant for a 
pure metal is proportional to the fourth power of its magnetization (see formula (19)). Such 
a behaviour does not correspond with actual fact, particularly for Ni. The reason for this 
must, it appears, be sought first of all in the roughness of the scheme of calculation, as it 
does not transcend the boundaries of applicability of approximation of the Weiss molecular 
field, and hence is barely known in the low temperature range. Further considerations of the 
reason of this disagreement are difficult without a more flexible and accurate method, 

In the opinion of the author, the results of this article are interesting because it is 
probably the first attempt to take into consideration the degree of order of an alloy in the 
study of crystallographic anisotropy, and the results indicate clearly the very important role 
of order establishment in this case, 

In conclusion I should like to express my gratitude to S.V. Tyablikov, who suggested the 
topic and who kindly gave me the opportunity of perusing one of his unpublished manuscripts, 
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I should also like to express my sincere appreciation to I.M. Puzei who let me have the results 
of his investigations before they were published. 


Translated by G Isserlis 
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THEORETICAL ANALYSIS OF THE EFFECT OF 


CARBON ON THE KINETICS OF THE 


ISOTHERMAL 


DECOMPOSITION OF SUPERCOOLED AUSTENITE* 


L.N. ALEKSANDROV 


Mariisk Pedagogic Institute 


(Received 18 June 1957) 


The study of the effect of carbon on the 
kinetics of the isothermal transformation in 
supercooled austenite has been dealt with by 
Shteinberg and Stregulin [1] and also by 
Popov [2]. he general character of the 
effect of carbon on the kinetics of austenite 
transformation has been elucidated on the 
basis of experimental information [3], on the 
change in stability of austenite with increase 
in the carbon content at the temperatures of 
the first stage [2]. The need for a separate 
study of the effect of carbon in the original 
austenite on the rate of formation of preci- 
pitates (ferrite or carbide) and on the rate 
of formation of the ferrite-carbide mixture 
was noted, 

In an analysis of the effect of carbon on 
the kinetics of the isothermal decomposition 
of supercooled austenite, the change in 
stability of austenite was evaluated from 
the change in the time of transformation of 
some part of it. Since decomposition of 
austenite in hypoeutectoid steel starts with 
the precipitation of ferrite, in the trans- 
formation of a small part of the austenite 
the precipitation of only this new phase can 
be studied. 

We have made an attempt to give a theore- 
tical analysis of the effect of carbon on the 
kinetics of the isothermal transformation in 
supercooled austenite of hypoeutectoid steel 
from its effect on various factors determining 
the kinetics of decomposition, The analysis 
has been made in accordance with the theor- 
etical ideas in [4]. 

In this paper [4] the dependence of the 


* Fiz. metal. metalloved., 7, No.2, 169-173, 1959. 


time t of complete transformation in a definite 
part of the original volume 7 of the austenite of 
hypoeutectoid carbon or alloy steels on the 
concentration of carbon and alloying elements 
(in the temperature range 7 of the first 
degree) is established. In the general case: 


2 


15h In (1— 1) | 


8nRTD4? 38 
3- 

8. 


*/s 
RT | (1) 


here A Fois the change in free emergy in the 
formation of unit volume of a new phase; [ 
is the energy of activation for lattice 
rearrangement of the main component of the 
solid solution (iron); ais the diameter of 
the atom of the main component; hf is the 
Planck constant; Wis the work of nucleation 
of new phase of the critical diameter 


Ser=4¢ cr 

(o@ = surface tension at the interface, p_. 
. 

=\F,|’ B is the root of the transcendental 

equation [5] 


(¢, and Pre concentration of carbon in the 
‘original austenite and in the new phase 


(ferrite); rae is the equilibrium concen- 
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15h In 
= | — ex 
8xR | RT 
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tration at the interface between austenite 
and ferrite); Dp. and Q are diffusional 
constants (coefficient of diffusion of 
carbon in austenite D =D, exp(- Q/RT) where 
Ris the universal gas constant); 7 is the 
time for attainment by the growing centre of 
the new phase of some limiting dimension Ppp». 
It determines the nature of the mechanism 
deciding the rate of growth: diffusion or 
reconstruction. Growth of the nucleus of the 
new phase atp <P, (corresponding to t< 7) 
is still limited by the rate of lattice 
reconstruction, but atp > p, (i.e. at t > 
7) it is limited by the rate at which carbon 
leaves the grain of the new phase (ferrite) 
for the parent austenite, 

If t is smal] compared with the total time 
of transformation then equation (1) can be 
replaced hy the expression: 


\ 


2 3 
(2) 


If 7 is considerably greater than t, then 
the growing centres wil] not attain p,, and 
the time of transformation should be calcu- 
lated by the following equation: 


| 
3h [  27In(i—x)A exp 
RT RT 


The quantity 7 is calculated [4] by the 
equation: 


Calculations of 7 indicate that in an analysis 
of the decomposition of austenite, for most 
alloy (for instance chromium) and also plain 
carbon steels at a temperature of the trans- 
formation below 650°C, equation (3) can be 
used. In carbon steels at transformation 
temperatures above 650°, and in low alloy 
steels at transformation temperatures above 
700°, equation (1) should be used, but 
equation (2) can also be used, 

An analysis of equations (2) and (3) shows 
that the change in the carbon content in 
austenite affects the isothermal transforma- 
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tion because of the change in AF,,o and U. 
In carbon steels at transformation tempera- 
tures above 650°, the changes in B, Dp and 
Qalso affect the decomposition of austenite. 
The dependence of D. on the carbon concen- 
tration in a carbon steel [6] is as follows: 


D. = (0.06 — 0.07 weight % carbon) 
2 (5) 
(cem*/sec) 
The energy of activation for diffusion Q 
= 31,350 gcal/mole; the dependence on the 
carbon concentration can be neglected. 
The quantity B varies only with c,, since 


c° and c. do not depend on the concentra- 


eq np 
tion of carbon in the original austenite, but 
only on the transformation temperature. The 
plot of the function F (B) [5] shows that as 
the carbon concentration in the original 
austenite increases from 0.05 to 0.75 per 
cent, B changes (at 720°) from 11 to 0.2, i.e. 
more than 50-fold. If cy =0.1, B=3; if 
Co = 0.25, B= 22; if =0.5, B=0.8, 

According to equation (2) the change in>B, 
connected with the necessary increased 
departure of the excess carbon from the 
ferrite nuclei increases the time of trans- 
formation t by the factor B */5, 

Differences in the quantities and 
Co are one of the factors affecting austenite 
stability. This effect is most appreciable 
in the change in the carbon content in low 
carbon steels (up to 0.3-0.4 per cent) and in 
steels with a carbon concentration close to 
the eutectoid. 

The effect of a change in Do on the time of 
transformation is considerably less. Accord- 
ing to equation (5), any change in the carbon 
content in a hypoeutectoid steel changes Do 
not more than 2-fold, and a change in ¢ is 
determined by DB!*. However, the increase in 
Do with increase in carbon content in the 
stee] somewhat compensates the decrease in B. 
Their combined effect may increase the time of 
decomposition of austenite with increase in 
carbon content in hypoeutectoid steels (carbon 
or even low-alloy) up to 10 times in some 
cases. 

The quantities U and W show a greater affect 
on the change of t (througha) in equations 
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(1)-(3). In alloy steels, according to 
equation (3), a change in the stability of 
austenite is due to a change only in these 
quantities, since AF» is connected with the 
concentration of carbon in the new phase 
(ferrite) and does not change with Co The 
quantity AF» is calculated by the equation 
given in [7]: 


AF, =N,, A Fe™* +N, (10 500— 
— 3.4257) + AF, + YN; K;, 


(AFe‘** can be taken from the Tables [7]); 
AF, is connected with the ordering of the 
solid solution, and, in our case, is 
negligibly small; Np, N, and N,; are the 
mole fractions of iron, carbon and alloying 
elenents; K; is an alloying constant, 
dependent on temperature. We neglect the 
change in the dimensions of the iron atom d 
in austenite (mean distance between neigh- 
bouring sites in the crystal lattice with 
increase in carbon content, putting d = 

2.5 x 1078 om. The change in U with carbon 
content in steel corresponds to the change in 
the energy of activation of self-diffusion of 
iron in austenite, since in both cases, the 
effect of carbon on the height of the energy 
barrier in gamma iron appears. This is 
obvious from [8]: 


U =U,(1—0.4%C), 


where Up is the energy of activation for 
lattice reconstruction of iron in the carbon 
or alloy steel, and c =O (c = carbon concen- 
tration in weight per cent). 

For a carbon steel Uo we take as 45 kcal/ 
mole. The change in Up with alloying of the 
steel by different addition can be estimated 
hy a method similar to that used for eval ua- 
ting the effect of carbon. For instance, in 
alloying a steel] with chromium, the change is 
linear with a coefficient of 1 - 0.044 c,, 
where c; is the weight per cent chromium [4]- 

Thus the effect of carbon in steels on the 
emergy of activation for lattice reconstruc- 
tion from ¥ to @ iron opposes the effect of 
such alloying additions as chromium, Carbon 
also counteracts the effect of chromium on 


the interfacial surface tension between 
austenite and ferrite, whereas introduction 
of chromium into austenite increases U and 
diminishes o, introduction of carbon 
diminishes the one but increases the other. 

The surface tension o does not affect + 
since it enters into the expression only 
through Pings the value of which is much 
less than p,. But a knowledge of the 
surface tension is necessary for determining 
the work of formation of the critical 
nucleus of the new phase. For lack of 
accurate information about the surface 
tension in different steels, this quantity 
should be regarded as a free parameter, for 
which reasonable values can be taken, giving 
satisfactory agreement between calculated 
and experimental data. Thus in carbon 
steels containing 0.5 wt. % carbon, we take 
the surface tension to be 40 erg/cm? at 
720°C, As the temperature falls, the surface 
tension increases linearly at the rate 40 - 
0.36(720 - t®). 


min 


Fig. 1. Curves for the kinetics of isothermal 
decomposition of austenite in steels. 1° = 8.5% 
chromium and 0.05% carbon; 2°= 0.4% carbon 
(experimental data); 1° = 8.5% chromium and 
0.05% carbon; 2% = 0.4% carbon (calculated data). 


A change in the carbon concentration by 
0.1 per cent decreases the surface tension by 
about 6-7 per cent. In alloy steels the 
nature of the change in interfacial surface 
tension is the same, but the surface tension 
is determined by the concentration of the 
alloying addition, 

As an example of the effect of carbon on 
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the kinetics of austenite decomposition, let 
us consider the transformation in chromium 
steels (8.5 per cent chromium) containing 
0.05 and 0.4 per cent carbon, In this case, 
Up = 58 kcal/mole so that at 720°C the surface 
tensions are respectively 17 and 22 erg/cm?, 

In Fig. 1 the full] line curves 1 and 2 show 
the transformation of 5 per cent austenite in 
these steels according to the information in 
[9]. The broken line curves 1’ and 2’ are 
calculated ky equation (3): 1’ fora steel 
with 0.05 per cent carbon, 2’ for a steel 
with 0.4 per cent. According to calculation, 
the time of transformation of 5 per cent 
austenite at different temperatures in 
chromium hypoeutectoid steels decreases 
somewhat with increases in carbon concen- 
tration, which corresponds to the experimen- 
tal data. The accelerated transformation in 
this case occurs through a decrease in the 
energy of activation of lattice reconstruc- 
tion, The increase in the work of formation 
of ferrite nuclei, as a consequence of the 
increase in interfacial surface tension, does 
not counteract the decrease in l, since there 
is only W/4 in the exponent, However, 
obviously in individual cases the quantity W 
does counterbalance the increase in U and in 
hypoeutectoid steels the decomposition of 
austenite is retarded as the carbon content 
increases. 

The several-fold increase in transformation 
in hypoeutectoid steels alloyed with up to 2 
per cent of chromium or manganese with 
increase in carbon content should be explained 
by the smal] increase in the surface tension 
and the small importance of retarding diffu- 
sional processes (through B ) along with a 
considerable decrease in the energy of 
activation of reconstruction processes, 


In carbon steel, as the carbon content 
increases, the absolute decrease in energy of 
activation of reconstruction is small, but 
the increase in surface tension in absolute 
value is large, Hence, here kinetics are 
described by equation (2), and the retarding 
action of diffusional processes has a 
decisive influence, and there is a retarda- 
tion of austenite decomposition, 

The effect of carbon on the kinetics of 
isothermal decomposition of supercooled 
austenite in hypereutectoid steels can be 
analysed similarly. 


Translated by R,C. Murray 
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THE GREEN FUNCTION METHOD FOR SYSTEMS WITH 
SHORT RANGE FORCES* 


V.L. BONCH-BRUEVICE 
Moscow State University 


(Received 19 February 1958) 


The problem of the energy of the fundamental state, of the correlation 
function and the spectra of elementary perturbations of Fermi and Bose systems 
with short range forces is studied by the quantum Green function method. The 
Bose case is examined in detail. It is shown that the excitation spectrum, 
first of all obtained by Bogolyubov at small momenta is applicable with as 
great an accuracy as can be desired independent of the intensity of interaction. 
A new branch of the spectrum is found, containing a finite “gap’’. 


INTRODUCTION, BASIC EQUATIONS 


In [1,2] it was shown that the quantum Green functions inethod can be effectively used for 
studying the energy spectrum of systems of many charged Fermi particles. In the present 
paper, the method is used for studying systems with short range forces, both Fermi and Bose, 
the basic idea consists in the description of the interaction between particles hy the 
introduction of some auxiliary Bose field, @(x) (x = {x, Xo}),the unexcited spectrum of which is 
associated with a potential of paired interaction (x)= g2U (x) (g*,is a “bond constant”). 


D,(k) = ay \ U (x) exp (ixx) dx. (1) 


Note that this procedure is not approximate but accurate: radiation corrections, trans- 
forming Do into the accurate Green function D in the present case describe collective effects 
- the effect of all the other particles of the systems — and hence do not enter into the 
paired interaction. 

In accordance with the static character of the initial interaction, the function Dy (k) does 
not depend on the frequency Ko and has no poles on the real axis (the real emission of quanta 
of the corresponding free field is impossible). 

Introducing a field (x) makes it possible to replace the quatemmary Hamiltonion of 
interaction by a ternary, corresponding to the Lagrangian 


L (x) =— (x) (x) (x) — p(x) (2) 


Here, y, p are the Fermi or Bose operators of birth and death of the particles of the system, 
p(x) is an auxiliary function introduced for convenience of variation. Equation (2) gives 
the simplest typical Lagrangian of the quentum field theory; correspondingly, in our problem 
we can use field methods of calculation without difficulty. 

By definition, the Green functions G and i) are given by equations (we used the representation 
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of interaction and puth =I; h is the Planck constant divided by 2 7): 


G(x, T (d(x) (y) S} > 4, (3) 


3d 

Dix, (4) 

® (x) = (5) 
p (x 


S=T {exp (i{ L (x) dx)}. (6) 


Here the symbol <....> , means “average over the ground state in the absence of interaction. 
Equation (3) should be complemented by the rule of regularization, determining the function G 
(x, y) with coincident arguments, As in equation (1) we pat 


spur G(x, x) = + in(x), (7) 


where n (x) is the concentration of particles; the upper and lower signs here and below 
relate correspondingly to systems of Fermi and Bose particles; the spur relates to discrete 
(for instance spin) arguments of the function G. Equation (7) means that by definition 


G(x, x)= lim G(x, y); 
9<Yo 
in the Fourier representation, this means that the integration contour should be closed in the 


upper semi-infinite plane Ro. 
The Schwinger equation has the form* (in matrix notation): 
G=G,—gG,PG —G,MG, (8) 
= —ip?G D 9 
(9) 
D= D, + D,PD, (10) 
P= — ig*spur G. (11) 
0 
Function Go =G =0 is directly connected with the distribution function of the particles 
in the absence of interaction [3]. Go can easily be calculated explicitly; in the absence of 
external fields we have: 


Gy (x,y) = | dp exp[—ilp, x — v)] Gy(p), 
(px = p,x,—px; dp =dpdp,), 


and (under conditions of complete degeneracy): 
(a) For a Fermi system: 


(25) py — W(p) + We + ine (WP) — Wey 


(b) For a Bose system: 


G, (p) = (p) (p,) -- 
) Po — W (p) 


* The Bose case requires care, since vacuum averages from normal products are not equal to zero. For 
us it is sufficient simply to delete these terms, which reduces to the redetermination of the normal 


product. 
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Here W(p)=p?/2m the energy of a free particle; W, is the Fermi energy; 
4-0; ¢ (z) =2/(2]. 

The Green function gives a fairly complete representation not only of the transition 
possibilities, but also of the equilibrium properties of the system. The poles of the 
functions G(p) and .°(p) are connected with the spectrum of elementary excitations of the 
system [4]; the energy of the ground state and the binary distribution function likewise 
can be expressed by D and G. Actually, the energy of the ground state (cf. [5]): 


Hin (g’) (yD). (15) 
0 


kere, Fins is the Hamiltonion of interaction (equal in the present case to —JSL(x)dx):%(g’) 
are the Heisenberg operators corresponding to the bond constant ¢’; the factor 4 is 
introduced in order not to allow for each pair of particles twice; the energy of the ground 
state in the absence of interaction is taken as zero, 
Going over to the representation of interaction, we obtain, in virtue of equations (2), (3), 
(7) and (11) 


+ dx® (x) (x) + 


where V is the volume of the system, and the Fourier-like polarization operator /’ and thie 
Green function D are determined by: 


P(x, y)= deexp[—i(k, x—y)] 
D (x, y) = | dk exp i(k, x—y)] D(x). 


The expression in the right-hand part of equation (16) contains not only the energy of 
interaction of the particles with one another, but also their intrinsic energy. The latter, 
of course, must be calculated (independent of whether it diverges or not), Note that the 
intrinsic energy obviously is proportional to the total number of particles V, but the energy 
of interaction depends on some other function of V. Thus, from the right-hand part of 
equation (16) it is necessary to eliminate simply the term linear in N. Taking this into 
consideration, we obtain for the energy of the ground state: 


4 


nyt ( 48" 
fan ) D(x, + 


where the symbol [......] means that from the expressions in the brackets terms linear in the 
concentration of particles are eliminated. 

For spatially homogeneous systems of charged particles the last term in the right-hand part 
of equation (18) is zero in virtue of neutrality. (p(x) should, after variation, be equal to 
the density of the compensating charge); in systems with short range forces the function p 
(x) after variation should be zero. In a spatially homogeneous system 


© (x) n = J dzD, (2) = 0 
and the last term in the right-hand part of equation (18) takes the form: 


| 
| 15 
voL. 
(16) 
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9 0 


The correlation fimction in the gromnd state, f(x) is connected with Fo by the equation 
_ 2V 
N® 


f (x) 


Taking into consideration equations (1), (18) and (19) we obtain: 


| dic exp (inx) - dx’ [Poe g’) D(x’, + 


Me) (x) 
The last term only needs to be written for systems with short range forces. 
2. “PLASMA”? APPROXIMATION 


As in ([1,2], we will approximately solve equations (8) and (10), expanding the mass and 
polarization operators (9) and (11) in ascending powers of the bond constant with subsequent 
improvement of the theory of excitation by the methods of group renormalization, This 
approximation will be called a plasmone, because, as is shown in [1,2], it suffices for a 
study of the spectrum of plasm vibrations. It is convenient to go over to dimensionless 
variables putting h = 2m =n = 1, Then, in particular, the dimensionless unit of charge 676 
becomes: 

2mg? K-2 
3 
— h? n (22) 
where k (> 0) is determined asymptotically (at large distances) by the course of the function 
V(x) 
V(x) ~ 


is a constant, or an exponential function), 
Note, however, that equation (22) yenerally speaking does not represent a true expansion 
parameter: the value of the latter is calculated only after using group renormalization, 
As is known, to a first non-vanishing approximation we have: 
M= M, = — ig? 
P =P, =— if’ spur G,G,, 


and equations (8) and (10) give ? 
D (k) Do (Ky = 
1 F (27)8 Po Dg (K) 


Go (kK) 
1 + (2z)® Mg (k) Go (k) 


G(x) = 


For the Fermi case, the polarization operator has been explicitly calculated in [1]: 


16 
(20) 
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(25) 
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(26) 
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P K) = 


4 |x| | +2 lal) (27) 
The mass operator cannot be calculated in general form, because it depends explicitly on 


the form of the function Dy (k). 
For the Bose case, an elementary calculation gives, on the basis of equations (14), (23) 


and (24) with allowance for the regularization rules) [7]: 


M, (x) = 83 Dy (k), (28) 


2 


2g? 


: 
— in)? — 


P(x) = (29) 


Going over to the improved theory of excitation with the aid of group renormalization it 
should be noted that actually we have to do with forces of electrical origin. Hence, as for 
systems of charged particles, the Ward identity should hold. Then all calculations proceed 
exactly as in the Coulomb case [2]; the result is that equations (25) - (29) are correct for 
a small] invariant charge, 


2 
g 
<1 
1 + Qof (x? + Ko) 


f(z) (2zx)8 D, (x) P, (x?, Ky = (31) 


The function f(z) can easily be shown to be always positive, since we always have Ss 
< 6%. Of special] interest is the case of small] ek and k_, Then, since Dp) (0) is less than 


infinity, we have 


2(2n)*D,(0) — for Fermi particles 


F(Z) =} ony 
= D, (0) — for Bose particles 


(32) 


Thus, in the Bose case for small energies and momenta equations (25) and (26) become as 
accurate as is desired. Oorrespondingly the limits of applicability of the deductions 
flowing from them are expanded (see the following section); this is the main result of our 


study. 


3. ENERGY SPECTRUM 


Let us consider first of all a system of Bose particles, bearing in mind that in this case 
all calculations can be taken to an end for any form of the function D, (x). In virtue of 
equations (18), (25) and (29), for the energy of the ground state we have, in dimensionless 


units; 
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V 


Ean 
2(2z)8 


| ae (x) — 2] + 


(33) 


Going over to ordinary units we see that the second term under the square root sign in this 
equation is proportional to n, and consequently, (in ordinary units): 


2 


(35) 


where 
(kK) = (2n)* D, (k) 


is the Fourier-like potential energy of paired interaction. Equation (34) agrees with the 
results of [Ff]; the limits of its applicability, however, are given by equation (30), and 
with allowance for equation (32) are fairly wide. The correlation function in virtue of 
equation (20) and (34) is equal, in ordinary wits: 


— 2mn 
Kt + he K* (K) 
a 


exp (ikx). 


f(x) = | 


2mn 
| Ke Kv (x) 
In virtue of equation (32) at large distances (when smal] k’s are important under the 
integral) this expression is accurate, 
Let us now consider the spectrum of elementary excitations, In the present case, it is 
given simply by the poles of the function D(k, kp) and G(k, ky); using equations (25), (26), 
(28) and (29) we easily find two branches of the (Bose excitation spectrum 


‘4 hen? hee? 


2m 


(38) 
= — 
0 + 


For large k’s, these two branches ierge into one; at small k’s (when the result, in virtue 
of equation (32), is quite accurate) equation (37) (coincident with the result of (6, 7]) 
describes the usual phonons and equation (38) some excitations in the spectra of which there 
is a finite “gap”. From equation (3) and (37)Feynmann firstof all obtained explicitly the 
the relation between the correlation function and the phonon spectrum [8]. It is also clear 
that the existence of this connexion is of extremely deep origin, being conditioned not by the 
approximate character of the calculation, but by the structure of the genera] equation (21): 
the poles of the function D(k) determine both the form of the correlation function, and the 
plionon spectrum (the branch equation (38) is not directly related go the correlation function, 
because it originates from the poles of the function G(k)). 

In the case of the Fermi system, this remark remains in force; however, concrete calcula- 
tions can be carried to an end only by specifying an explicit form of the function Do(®). An 
exception is the Bose branch of the spectrum, determined by the poles k, of the function 
D(k, Ko)» in this case equations (27) and (25) at small k’s determine the usual phonon spectrum 
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(kj; =C|x|; C = constant): for sufficiently large k’s, as in the Coulomb case, the Bose 
branch of the spectrum disappears. 


Translated by Murray 
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Equations are obtained connecting the change in the intensity of reflected 
light in the magnetization of a ferromagnetic with the components of the 


complex magneto-optical parameter. 


Measurements of the effect are made, and 


the magneto-optical parameter is calculated for nickel, cobalt and iron in the 


visible range. 


The effect of magnetization of a ferromagnetic on the absorp- 


tion coefficients of circularly polarized light in meridional magnetization is 


discovered. 


1. CHANGE IN ABSORPTION COEFFICIENT OF 
LIGHT IN MAGNETIZATION OF A 
FERROMAGNETIC 


The expression for the tensor permeability 


of a ferromagnetic, obtained in the theory 

of ferromagnetic resonance, is successfully 
used for calculating the rotation of the 
plane of polarization in the centimetre 
range. If this expression is used for 
calculating the magneto-optical phenomena in 
the visible range, the quantities calculated 
are two or three orders low [1]. This means 
that magneto-optical effect in the visible 
range, the quantities calculated are two or 
three orders low [1]. This means that 
magneto-optical effect in the visible range 
cannot be considered as a phenomenon of 
remote falling portions of the dispersion 
curves with resonance frequencies in the 
centimetre range — in the region of ferro- 
Magnetic resonance. It is natural, therefore, 
to suggest that the relatively large value 

of the mageto-optica] effects in the visible 
range is connected with a new fom of reso- 
nance, with an intrinsic frequency lying in 
the visible or near infra-red. The resonance 
frequency can be displaced into the optical] 
range only if the effective field causing the 
resonance is sufficiently. large, and this 
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means that in the case in point a consider- 
ably larger energy of interaction commences 
to display itself than in the case of ferro- 
magnetic resonance, for instance, exchange, 
spin-orbital energy or energy of the internal 
photo effect. To check the correctness of 
this suggestion, a study of one of the 
magneto-optical effects in the infra-red 
range was undertaken [2]. It was found that 
the effect very strongly depends on the wave- 
length, and the dispersion curve actually has 
a resonance form. This cannot be explained 
by a change in optical properties of a metal, 
and thus the existence of a magneto-optical 
resonance was established, A further problem 
is the quantitative calculation of the effect 
of optical constants of the metal and the 
elucidation of the parameters characterizing 
only the magneto-optical properties of the 
given ferromagnetic. 

A complete phenomenological description of 
magneto-optical properties of a medium can be 
obtained from the Maxwell equations, if it is 
assumed that the medium is gyrotropic, i.e. 
that its permeability is an antisymmetrical 
tensor of the second order, For instance, 
the magnetic permeability of a gyromagnetic 
medium has the following form: 

p —ipM 0 
[py] = ipM 0}. (1) 
0 0 


195% 
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Here M = M, - iM, a complex magneto-optical 
parameter, It has been established experi- 
mentally that M, and M, are directly propor- 
tional to the magnetization of the substance, 
From a solution of the problem concerning 
the reflection of electromagnetic waves from 
a gyromagnetic medium, it follows [1] that 
the equatorial magnetization of the substance 
(the vector of magnetization parallel to the 
plane of the reflecting surface and perpen- 
dicular to the incidence plane of light) does 
not affect the component polarized perpendi- 
cular to the incidence plane, but changes the 
amplitude and phase of the component polarized 
in the incidence plane. In the latter case, 
the ratio of the amplitude of the reflected 
and incident waves under the condition ww~1l 
is expressed by the following equation [1] 


2 cos¢sin¢ 


(N cos + cos 


cos ¢ + cos 


R 
A (2) 


where n =n — tk is the complex refractive 
index, @ and # are the angles of incidence 
and refraction. The effect of magnetization 
on the intensity of reflected light deduced 
from this equation was directly found and 
measured in the infra-red range for iron [2]. 
This magneto-optical effect is convenient 
for investigation: here we use not visual 
but objective methods of recording, the 
specimen is easily magnetized to saturation 
in the plane of the specimen, it is possible 
to work with one polarizer and even in 
general without one, At the same time, all 
the magneto-optical effects are described hy 
equations in which the magneto-optical parameter 
appears with a definite combination of n, k, 
cos @ and sin @. It is sufficient to deter- 
mine M from one of the effects to calculate 
all the others. Hence, for determining the 
magneto-optical parameter in the ultra- 
violet, visible and infra-red regions, it is 
desirable to use the above-indicated effect, 
Experimentally, the change in intensity of 
reflected light in reversal of the magnetic 
polarity of a specimen is measured, whence 
the value § = (I - I9)/Ip is obtained 
directly, where J and I, are the intensities 
of light reflected from the ferromagnetic, 


magnetized to saturation and demagnetized. 

For calculating the magneto-optical para- 
meter it is necessary to have an equation 
between § and M, and M,. Using the general 
Fresnel equations, we obtained from equation 
(2) a relation for the amplitude of light 
reflected by magnetized and demagnetized 
ferromagnetics 


sin 2¢ (3) 
N? cos? ¢ — cos? 


= ]— 


= 
9 


The corresponding ratio of intensities of 
reflected light is given by: 


R\}? 
Ro | 

Neglecting terms containing M?, we obtain 
from equations (3) and (4) an expression for 


(5) 

where 
A =e,cos?9—q, B=e,cos?9¢—1+ 

¢ 

(nt + 


e, = 2nk. 


sin? ? 
(n? + K2)2 
8, = n? — k?, 


Having measured 6 for two angles of 
incidence @, and @, we can determine M, and 
M, from the equation obtained, if the optical 
constants of the metal for the given wave- 
length are known, It should be noted that 
equation (5) is not changed even on the 
assumption that the medium is gyroelectric, 
i.e. that the dielectric constant has the 
form of equation (1). The question arises as 
to whether it is possible in this case to use 
an expression with one magneto-optical para- 
meter for the ultra-violet, visible and infra- 
red since the mechanism of interaction of 
light with matter is substantially changed. 
The answer to this question should be given 
by the quantum theory of optical properties 
of metals but, evidently, it is reasonable 
also to study the phenomenological case of 
two magneto-optical parameters of the sum of 
isotropic and tensor permeabilities, 


2. MAGNETO-OPTICAL PARAMETERS OF 
NICKEL, COBALT AND IRON IN 
THE VISIBLE 


For measuring 6 in the visible, a compensa- 
tional set-up was constructed with F&-1 
resistances (Fig.1). Monochromatic light 
from the slit of an ISP-22 spectrograph after 
passing through the polarizer J] falls on the 
mirror of the ferromagnetic O being studied 
and then on one of the photo-resistances ¢. 
Part of the light passes directly onto the 
second photoresistance, and its intensity is 
adjusted such that the current (in Fig. 1, B 
is a batterv) is equal] in both arms of the 
bridge. The resistance R satisfied the con- 
dition R; Ry, where is the internal 
of the zal vanometer M-21/1 ( 
and R, is the resistance FSK-1 at the dee: of 
measurement). In this case 6 is connected 
with the current measured by the simple 
relation 6 = i,/i,, where i, is the deflexion 
of the galvanometer I’, on passing the current 
through the circuit of the electromagnet; i, 
is the current passing through the galvano- 
meter J”. in virtue of the dark current of 
the photoresistance. The main difficulty in 
measurement is the fluctuation in the inten- 
sity of the radiation from the source of 
light, the ciné lamps K-12 (110 V, 300 Ws). 


Magneto — optical 


The compensation system used decreases but 
does not completely eliminate the effect of 
these variations because of the inertia of 
the photoresistances and difference in their 
Hence the values of § 
quoted are obtained by averaging 20 indepen- 
The maximum error in measure- 


resonance 


dent readings. 


ment is less than + 10 per cent, which can be 
considered satisfactory, since the optical 
constants of metals, obtained by different 

It is probable 


times of relaxation. 


authors, diverge no less. 


TABLE 1 


Measurements were 


Measurement of 6 and calculation of the real and imaginary 


components of the magneto-optical parameter from equation (5). 


that more reliable values could be obtained 
by using non-ertia vacuum pho tocells and a 
d.c. amplifier. 

The mirrors of the ferromagnetic studied, 
electrolytic nickel and cobalt and Armco iron, 
were polished mechanically, in the last 
stages with GOI paste. 


10? 
Angle of 2 2 
Material |; ,cidence $ $ 2 n k M,. 10 10 
p, = age | 0-43 1.53 1.10 | 1.40 2. 59 0.66 0.15 
Ni a! = 79° | 0.48 1.22 0.76 | 1.50 2.87 0.74 0.24 
2 0. 56 1.01 0.72 | 1.67 3. 30 0.88 0.4 
0. 43 2.80 2.91 | 1.58 3.10 1.78 0. 53 
p. = 45°| 0-49 2. 52 3.09 | 1.80 3.36 1.78 0. 58 
Co 1 _ 790 | 9-58 2.06 3.14 | 2.09 3.81 1.74 0. 56 
Pa 0.62 2. 20 3.22 | 2.21 4.03 2.25 0.96 
0.69 2.08 3.12 | 2.46 4. 40 2.74 -1. 48 
0. 43 4.48 9.30 | 1.80 2.85 1.61 0. 09 
p. = 45° | 9-48 4.07 3.59 | 2.05 3.07 1.99 0.14 
Fe ph = go? | 0.58 5.63 4.37 | 2.42 3.37 2.89 ~0. 22 
0.62 5.50 4.05 | 2.57 3.47 3.05 0. 44 
0.89 6.55 4.17 | 2.75 3.65 4.18 -1.07 
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made at 0.3-0.4 As in the winding of the 
electromagnet, when the specimens were 
practically magnetized to saturation. The 
width of the spectrograph slit was adjusted 
so that the interval of wavelength of the 
light passed did not exceed 0.01jz. The 
light was polarized in the plane of 
incidence; the polarizer was a polyvinyl 
filter, 

Table 1 shows measured values of § for two 
angles of incidence and the real] and 
imaginary components of the magneto-optical 
parameter calculated by equation (5). The 
optical constants were taken from [B-5]. 

The value of M, for iron at wavelengths of 
0.43, 0.49 and 0,58 x were determined by 
calculation of the small difference between 
two large numbers, hence the only thing that 
can be taken as reliably established is the 
smallness of |M,| in this range of wavelength. 
In the other cases, the errors in calculation 
are small, The values of the magneto-optical 
parameters obtained agree well with published 
ones [6,7] on the basis of measuremert of the 
Kerr polar effect. Thus, for example, for 
nickel Dziewulski [6] found at 0.44 4M, = 
0.009, and M, = -0.0013, Foote obtained at 

0. 42 Bb M, = 0. 0059,. M, = 0. 009. 


The same agreement was found in other cases. 
This confirms that the effect of magnetization 


on the coefficient of reflection of light by 
a ferromagnetic can also successfully serve 
for determining the value of the magneto- 
optical parameter, as with any other magneto- 
optical effect. In addition, measurements in 
the visible range are insufficient for 
deducing general conclusions about the form 
of the dispersion curves from magneto-optical 
characteristics of ferromagnetics, Hence, 
the results obtained will be discussed in a 
later paper, devoted to a study of this 
effect in the near infra-red, 


3. CHANGE IN REFLECTION COEFFICIENT 
OF CIRCULARLY POLARIZED LIGHT IN 
THE MAGNETIZATION OF A 
FERROMAGNETIC 


In Section 1 we raised the question of the 
effect of magnetization on the absorption of 


light by a ferromagnetic in equatorial 
magnetization, For the Faraday effect, 

the polar and meridional Kerr effects, where 
the rotation of the plane of polarization 
is measured, the magnetization to a first 
approximation does not affect the coef- 
ficient of reflection of naturally or 
linearly polarized light, In these cases, 
equations like equation (2) are obtained 
for circularly polarized light. Terms 
proportional to M appear in the equations 
for components with right-and left-handed 
polarization with opposite signs [1]. 

Hence for linearly polarized light, there 
is to a first approximation no change in 
reflection coefficient, The method used in 
our work makes it possible directly to check, 
in meridional magnetization of a specimen, 
the presence of an effect of magnetization 
on the coefficient of reflection of light 
with circular polarization, and the absence 
of this effect for linearly polarized light, 
The measurements were made on the same set- 
up at a wavelength of 0.45. Circularly 
polarized light was obtained with a polari- 
zer and a quarter-wave quartz plate. fhe 
vector of spontaneous magnetization was 
oriented parallel to the plane of the mirror 
and the plane of incidence of the light 
(meridional magnetization). In the case of 
linearly polarized light the intensity of 
reflected light did not change in magnetic 
polarity reversal, within the limits of 
accuracy of the measurement, For light 
with circular polarization an effect was 
discovered, At @= 70° the relative change 
in intensity of reflected light was 0. 0006. 
This value is apparently 10-20 per cent low, 
since non-monochromatic light, due to the 
finite width of the slit, cannot be com- 
pletely circularly polarized. With a 
change in the direction of rotation of the 
circularly polarized light, the effect 
changed sign, which corresponds to the 
equations of the phenomenological theory of 
magneto-optical effects, 
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STUDIES ON THE DETECTION OF FLAWS IN 


RAILS 


9. EFFECT OF EDDY CURRENTS 


IN MOVING MAGNETIC FIELDS. 


IN THE 


FORMATION OF THE FIELD OF A FLAW* 


Vv. V. 


VLASOV 


Institute of Metal Physics, U,S.S.R. Academy of Sciences 
(Received 30 November 1957) 


In preceding papers [1-5] the electro- 
magnetic phenomena in the movement of a 
source of a magnetic field under a model of 
a rail not containing any flaws has been 
studied. However, for detection in movement, 
it is of great importance to study the 
electromagnetic phenomena due to defects. 

The problem of how far synthetic longitudinal 
and transverse flaws can be detected, and the 
form of the pulses of e.mf. applied to the 
search coil, when the source of magnetic 
field and magnetized component are in 
relative motion, has already been studied 
[6,7]. It was of interest to study the 
degree of participation of eddy currents 
induced hy the moving magnetic field in the 
formation of the field of the flaw. 

For solution of this problem, generally 
speaking, modelling of the relevant electro- 
magnetic phenomena can be used. However, 
under laboratory conditions, it is only 
possible to make coarse defects, But 
such artificial flaws are fairly frequently 
used in studies on flaw detection. In 
certain cases, a study of electromagnetic 
perturbations from such defects does reveal 
general correlations, the establishment of 
which from actual flaws is for some reason 
or other difficult, 

Geometric similarity of flaws in modelling 
is sometimes not realized, Thus Zatsepin [8] 
showed that in modelling a magneto-static 
field of surface cracks, geometric similarity 
of the latter is not essential within certain 
limits. For modelling processes of the flow 
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of direct current around flaws [9] geometric 
similarity of the flaws is also not essential. 
However, the permissibility of neglecting 
geometric similarity of flaws when eddy 
currents flow around them has not been 

tack] ed. 

In this connexion, in modelling the field 
of a flaw under conditions when the source of 
magnetic field and the magnetized body are in 
relative motion, efforts must be directed to 
making the artificial flaws similar in shape 
and size to the actual flaws. If the field 
of transverse cracks in rails is modelled, 
then the imitating defects should be very 
thin. For modelling the field of internal 
defects, the layer of metal separating the 
defect from the surface of the component 
should have a normal electrical conductivity, 
otherwise the topography of the currents in 
the mode] may differ from that in the 
original. 

Studies with artificial defects in the 
cases of interest to us can only give a rough 
picture of the perturbation of afield over the 
defective part of a component. Nonetheless, 
such studies are worth attention. In the 
study described here, we investigated one of 
the components of the field of a flaw, from 
the e.m.f. excited in a search coi] when it 
is passed over the defective part together 
with a magnetizing device. 


EXPERIMENTAL METHOD 


For a study of emf. pulses excited ina 
coil, the previously described [10,11] set-up 
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was used for modelling the magnetization of 
rails by a moving source of field. In the 
mode] of the rail, flaws as devicted in 

Fig. 1 were made. kere 1 is an imitation of 
a Jongitudinal crack in the junction of the 
rail head with the web; the distance between 
the walls of the flaw is approximately 0.5 mm; 
2 and3 are flaws in the lower part of the head 
of the model rail on the web side, the 
differeice between the walls of these being 
1.0 mm for the first, and 0.3 mm for the 
second. The two latter defects were 
auxiliary. 


Position of defects in model rail: 


Pie... 2. 
1 = longitudinal file cut, imitating the through 


crack in the junction between railhead and web; 
2 and 3 file cuts in lower part of the railhead 
on the web side in the model; 4 = file ‘cut 
imitating transverse crack in railhead. 


Fig. 2. Pelative position of electromagnet of 
the measuring coil and part of the model rail; 


k = coil, D = flaw; V = direction of movement of 
model rail. 


Flaw 4, imitating a transverse crack in the 
railhead, was made thus: the head of the 
mode] rai] on the lateral surface side was 


filed to a depth of 5 mm, which corresponded 
to a transverse crack affecting about 20 per 
cent of the cross-section of the railhead, 
The distance between the walls of the cut 

was about 0.3 mm. The cut was externally 
sealed up with tin to improve electrical 
contact with the surface layer. The relative 
position of the model electromagnet, measur- 
ing coil and part of the model rail is shown 
in Fig.2. The coil for determining the e.m.f, 
has a cross-sectional area of 0.2 cm? and a 
constant 1200 tums/ecm?, 

The e.m, f. pulses, induced in the coil by 
the flaws, were displayed on the screen of an 
E0-4 oscilloscope and when necessary were 
recorded on cine film with the magnetoelectric 
oscillograph PMF-2. In the latter case for 
amplifying the pulses, a 2-stage amplifier on 
resistances was used, and in the oscillograph 
a I type vibrator was used, which was connec- VOUS 
ted directly into the anode circuit of the 7 
output stage. 

The results of studying the em. f., obtained 
in model experiments, relate to rails inasfar 
as the flaws in them can be conditionally 
taken as similar to those in the model rails. 


EXPERIMENTAL RESULTS 


The experiments yielded oscillograms of 
e.m.f, pulses under different conditions, 
The oscillograms shown below were obtained 
under the following conditions. The distance 
between the model rail and the poles of the 
electromagnet corresponded to a difference of 
17.5 mm between the poles of the electromag- 
net, similar to the model and the rail. The 
magneto-motive force in the model experiments 
corresponded to a magnetization of the rail 
with 23,000 ampere turns, and the motion of 
the model rail to the movement of an electro- 
magnet relative to the rail at the rate of 16 
and 40 km/hr. The search coil in determining 
the shape of the e.m f, pulses was midway 
between the poles of the electromagnet, and 
the plane of its turns was perpendicular to 
the direction of motion and the surface of 
the head of the model rail, For studying the 
dependence of the pulses on the rate of move- 
ment, the coil was close to the second pole 
of the electro-magnet in motion, In the 
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latter case, the plane of its tums was 
parallel to the surface of the head of the 
model rail, 

The shape of the e.m f, pulses, induced 
in the corresponding coil by the defects in 
the rails considered, are shown in Figs. 3 
and 4. The first relates to movement of the 
source of field relative to the rail at If, 
and the second at 40 km/hr. 


2 


Fig. 3. Oscillogram of e.m.f. pulses from 
flaws in a rail similar to those in the model at 
rates of movement of the magnetizing device 
relative to the rail of 16 km/hr. Pulse 1 
relates to a longitudinal file cut at the junction 
between railhead and web; 2, 3 relate to file 
cuts in the lower part of the rail head; 4 is to 
a file cut imitating a transverse crack in a 
railhead. 


At the low speed, the pulses induced by all 
the transverse flaws have approximately the 


same form (Fig. 4). These pulses are unsym- 
metrical relative to the time scale. They 
differ in shape from the pulses for longi- 
tudinal flaws. With increase of speed, as a 
comparison of Figs. 3 and 4 shows, the pulses 
obtained from defects suffer some changes, 
Thus pulses 2 and 3 decrease, which is 
explained, apparently, by decrease in the 
magnetic flux in the railhead, with increase 
in rate of movement. At the same time, 
pulses from longitudinal (1) and transverse 
(4) defects increase. Particularly notable 
is the increase of the lower part of the 
pulse with increase in speed, corresponding 
to the transverse flaw (4). 


Fig. 4. As Fig. 3, at 40 km/hr. 


25 km/hr 


Fig. 5. Dependence of the e.m.f. induced by 
defect, imitating a transverse crack in the rail- 
head, on the speed of movement with magnetomotive 
forces of: 1 = 7.7; 11.8: 19; 4 22; 
5 = 35 thousand ampere turns. 


A change in the pulses, associated with an 
increased rate of movement, cannot be 
explained by errors induced by the oscillo- 
graph vibrator or by the amplifier, and 
apparently, is the consequence of the 
generation of eddy currents in the model rail 
and, consequently, in rails, induced hy the 
moving magnetic field. 

In addition, a quantitative estimate was 
made of the negative amplitude of the pulses 
from the transverse flaw 4, imitating a 
transverse crack in the railhead, as a 
function of the rate of movement under 
differmt external fields. The results are 
in Fig. 5. 

From the figure it can be seen that the 
e.m. f. pulse from the transverse defect 
increases with increase of speed to a greater 
degree, the higher the magnetization ampere 
tums. A more detailed analysis of this 
curve is given below, 


FUNCTION OF EDDY CURRENTS IN THE 
FORMATION OF THE FIELD OF A DEFECT 


The formation of a field of a flaw in the 
magnetization of an article by a moving source 
of field should in the general case be due, 
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not only to the field due to magnetization, 
but also due to the eddy curre@mts induced in 
the component. The latter suffers redistri- 
bution in meeting with a flaw, so that the 
magnetic field of the current over the 
defective part of the article suffers a 
change. 

Consequently, the e.m.f. induced in the 
coil by the defect in the general case can 
be represented as the algebraic sum of the 
e.mf. due to the field created ty the 
magnetizability of the component and the 
field of the eddy currents, Differences in 
the dependence of these forces on the rate 
of movement of the source of magnetic field 
make it possible to determine, to a first 
approximation, the part played by eddy 
currents in the formation of the field over 
the defective part. Let us consider the 
function of eddy currents in the formation of 
the field of a defect of a transverse crack 
type in a railhead. It should be noted that 
in this case we are concerned only with the 
component of the field over the defect, 
perpendicular to the plane of the coil tums, 

The additional field over the defective 
part of the article, due to the redistribution 
of the eddy qurrents, depends on the intensity 
of these currents. The em. f. induced in the 
coil by the eddy currents, at a given density 
of the latter, is evidently proportional to 
the rate of movement of the search coil, toa 
first approximation. In its turn, the density 
of the eddy currents, as is known, is propor- 
tional to the rate of movement of the magnetic 
field source. Because the search coil moves 
with the magnetizing device, then, conse- 
quently, the e.m.f. induced in the coil by 
the eddy currents is approximately a quad- 
ratic function of the rate of movement of the 
source of primary field. 

The additional field over the defective 
part of the article, due to magnetizability 
of the latter, depends, generally speaking, 
on the eddy murr@mts induced in the component. 
These currents, increasing with increase in 
speed, cause a decrease of magnetic flux in 
the companent and change its transverse dis- 
tribution, As a consequence of this the 
field of the defect, due to the magnetizabi- 
lity of the component, decreases as the rate 


of movenent increases. For the sake of 
simplification, let us assume that the field 
created hy the defect through the magnetiz- 
ability of the article does not depend on 

the rate of movement. In this case the e.m. f, 
due to magnetizability will be proportional 
to the rate of movement of the source of 
external field. This is true with an accuracy 
sufficient for practice at comparatively low 
rates of movement of the external field, but 
contains an additional considerable error 
increasing the effect of magnetization in the 
formation of the e.m.f. by the defect at 

high rates. However, in the case in point, 
it cannot be large, since the e.m.f. due to 
the magnetization, at high rates of movement, 
is suppressed by the em. f, created ly the 
eddy currents. The qmurve in Fig.5 can be 
fitted by the equation: 


= av" + bu, (1) 


where e is the resultant e.m.f. created in 
the search coil in passing over the rail with 
a flaw, similar to that in the model; a and 
6 are coefficients depending on the external 
field and having completely definite values 
for each curve; vis the rate of movement of 
the source of magnetic field relative to the 
rail. 

The quantities a and 6 in equation (1), as 
analysis shows, have the following form, with 
an extemal magnetomotive force greater than 
7700 ampere turns: 


a = (0,157 - 10° *«ws — 
— 0,044). 107°, per hr?/km? 


b = (3,98. — 
— 2,26)- 107°, per hr/km 


where k is the coefficient of geometrical] 
similarity; Wis the number of tums of the 
winding of the electromagnet for the model; 
I is the current in it. 

From equation (1) with allowance for the 
above, it follows that in the formation of 
an e,m,f, pulse in the coil when it passes 
over a defective part of a component, the 
three following qualitatively different 
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relations between the field due to the 
magnetization and the field caused by the 
eddy currents are possible: 

(1) if av > 6 then the field of the eddy 
currents predominates over the field due to 
magnetization in the formation of the e.m. f, 
pulse; 

(2) with av < 6 the e.m. f. is caused 
mainly by the field due to magnetization of 
the component and the part played by eddy 
currents is small; 

(3) with av = 6, the e.m.f, induced in the 
coil through magnetization and by the eddy 
currents are practically identical, 


Yq, km/h 


20 


19 


10 


5 


ampere turns 


Fig. 6. Dependence of the critical speed oF 
for a flaw imitating a transverse crack in a 
railhead, on the external magnetomotive force: 

= coefficient of geometric similarity; W = 
number of turns; I = current in electromagnet 

for the model. 


The speed UV, satisfying the condition av, 
= 6 will be called the critical speed. The 
physical meaning of it is that at this speed 
there is a change in the mechanism of 
elucidation of flaws, and the formation of 
the e,m, f, pulse changes over from being due 
to magnetization to eddy currents and vice 


versa, 

The critical speed can be determined with 
equation (2) if corresponding values are 
prescribed for the magnetomotive force, The 
result of estimating the critical speed of 
motion for a flaw imitating a transverse 
crack in a railhead, as a function of the 
external magnetomotive force, is shown in 


Fig, 4, 

The dependence of the critical speed on the 
external field, as Fig.6 shows, resembles in 
form the commutation curve of magnetization, 
At weak fields the critical speed increases 
with increase in the number of magnetizing 
ampere tums, and at strong fields is prac- 
tically independent of the field and is equal 
to about 22 km/hr for the flaw considered, 

At rates of movement below the critical the 
field due to magnetization predominates in 
the formation of the flaw field, whereas at 
speeds above it, eddy currents predominate, 

An estimate of the critical speed in 
relation to the flaws met with in rails is 
extremely approximate, since the flaws in the 
model investigations were fairly coarse and 
had undoubtedly a comparatively large field 
due to intensity of magnetization. However, 
the information obtained indicates the 
existence of a relatively low critical speed, 
dependent on the external field, Apparently, 
the critical speed actually depends also on 
the character of the flaw, i.e, on its size, 
its orientation relative to the field and 
the depth of its location in the component, 


SUMMARY 


It has been shown that not only the field 
of a flaw due to the intensity of mameti- 
zation of the component participates in the 
formation of e.m.f, pulses, but also the 
field of eddy currents, induced in the com- 
ponents due to their magnetization by a moving 
source of field. The critical speed below 
which flaws are elucidated hy magnetization 
of the component and above which by eddy 
currents has been established. A approxi- 
mate estimate is given for the dependence of 
the critical speed on the extemal magneto- 
motive force for an artificial defect of the 
type of a transverse crack in a railhead, 


Translatea by R.C. Murray 
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DECOMPOSITION OF RETAINED AUSTENITE IN 
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Tungsten, vanadium and chromium steels have been studied in the range of 
concentration of the alloying elements corresponding to their content in R.18. 
In all these steels retained austenite decomposes in slow heating between 209 


and 400°. 


It is shown that when the rate of heating changes, tke nature of the trans- 


formation of the retained austenite changes: 
is stable, and it decomposes during cooling. 


between 500 and 550°C austenite 
Thus, the character of the 


decomposition of retained austenite in these steels and in ®. 18 is similar 


under corresponding tempering conditions. 


It is known that the retained austenite in 
high-speed steel decomposes during cooling 
after preliminary holding at 500-560°C, 
whereas in carbon and many alloy steels this 
transformation occurs in heating. This 
decomvosition is one of the peculiarities of 
high-speed steel. 

Steel R. 18 is a complicated system, hence 
it was desirable to study the behaviour of 
supercooled gamma iron in tempering in simp- 
ler binary systems of iron with tungsten, 
vanadium and chromium, the termary systems 
Fe-C-W, Fe-C-V, Fe-C-Cr and the quatemary 
system Fe-W-V-Cr, The contents of tungsten 
vanadium and chromium in the binary systems 
were 0,2-6, 0.2-4 and 0.9-7 per cent. The 
composition of the multicomponent ferrite 
(quaternary alloy) corresponded to the 
composition of. martensite in quenched R.18 
according to [1] (€.5% tungsten, 0.42% 
vanadium, 3.2% chromium). The content of 
carbon in all the ferrites did not exceed 
0.03 per cent. The ternary systems were 
studied on the following steels: tungsten 
steels 10W10, 10W20, 10W40, 10W60, 10W130, 
10W180, the vanadium steels 10V3, 10V6, 10V12 
and 10V40, and the chromium steels 10Kh6, 


* Fiz. metal. metalloved. 7, No.2, 192-197, 1959. 


10Kh15, 10Kh30, 10Kh40 and 10Kh80. (The 
first figure indicates the carbon content, 
miltiplied by 100, the last figure the 
content of alloying elerent also multiplied 
yy 100). 

The alloys were either oil-quenched or air- 
cooled from 1000, 1100 and 1200°C. The 
tungsten and vanadium steels were quenched or 
cooled from 1280°C and the chromium steels 
from 1200°C in the same media. Before 
quenching or cooling, the specimens were 
homogenized in vacuum at 1200°C for 6 hr. 
Studies were made on cylindrical specimens of 
4 x 40 mm by the magnetic method in a field 
of 700 oersted. 


THE RESULTS OF STUDY AND THEIR DISCUSSION 


Experiments showed that there was no change 
in the magnetization of any of the ferrites, 
including the multi-component one, on quen- 
ching or cooling. It can, therefore, be 
concluded that the presence of retained gamma 
iron in a quenched high-speed steel cannot be 
due only to alloying with vanadium, tungsten 
and chromium. It is evidently due to the 
presence of carbon, 

For determining the character of decompo- 
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sition of the retained austenite in quenched 
steels, curves of I, ft?) were recorded from 
the specimens during continuous heating to 
650°C, and subsequent cooling in the magneto- 
meter fumace. The rate of heating and 
cooling was 5°C/min. 

In Fig. la, such curves are shown for the 
tungsten steels with 1 and 18% tungsten. It 
will be seen that tungsten does not affect 
the onset of decomposition of retained 
austenite -— the rise in the Fe curve is 
observed at the same temperature (about 
200°C). The displacement of the maximum on 
the curve to higher temperatures with increase 
in tungsten content indicates that the latter 
somewhat increases the stability of retained 
austenite, widening the temperature range of 
its transformation. 
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Fig. la. Variation in magnetization in 
heating and cooling of quenched tungsten steels: 
1=1%C, 2=1%C, 18% W. O = heating, 
X = cooling. 


A special feature of the kinetics of the 
transformation of austenite in vanadium steels 
(Fig. 1b) is that as the vanadium content 
increases, the start and the maximum of 
decomposition are not shifted, but the trans- 
formation of gamma iron extends to higher 
temperatures. In a steel containing 4% 
vanadium it ends about 600°(the temperature 
of the end of transformation was evaluated 
from the coincidence of the J, curves during 
heating and cooling). 

In the steels containing 0.6-4% of chromiun, 
the nature of the decomposition of retained 
austenite was the same as in the vanadium 


steels, and only at 8% chromium was there a 
considerable increase in the austenite 
stability - the onset of decomposition 
shifted from 200 to 450°C (Fig.1c). 
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Fig. 1b. As la, for vanadium steels. 1 =1%, 
0.38% V; 2=1%C, 4%V; O = heating, X = cooling. 
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As la, for chromium steels. 1 = 1% C, 
=heating. X= 


Fig. ic. 
4% Cr; 2=1%C, 8% Cr. 
cooling. 


A study of the temary systems in the 
range of concentration corresponding to the 
contents of alloying elements in steel] R, 18 
(10W180, J0Kh40, 10V12) showed that the 
decomposition of retained austenite occurs 
in them during heating, ending basically at 
375-400°C, With increase of the tungsten, 
vanadium and chromium content in the steels, 
a tendency to an increase of stability of 
retained austenite was observed, especially 
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in the chromium steels. (Fig, 3a-b, 4a-b), 

From the i curves, constructed similarly Since in tungsten and vanadium steel, 
for R. 18, it is obvious that most of the decomposition of retained austenite occurs 
austenite in this steel decomposes during only during heating, it might be thought 
cooling, However, if the rate of heating is that the special feature of decomposition of 
changed to 0.3°/min., the decomposition of austenite in high-speed steels is due to the 
retained austenite proceeds as in the other presence of chromium, However, it is known 
steels during heating, but at higher tempera- that in R, 18 there is considerably less 
tures (625-675°C, see Fig. 2). than 8% chromium. This means that the 

Heating of tungsten, vanadium and chromium decomposition of retained austenite can be 
steels to 650°, unlike steel R, 18, causes conditioned not by the absolute chromium 
complete decomposition of retained austenite, content but by its relative content, i.e. the 
which makes it impossible to discover the Cr/C ratio. The latter in the austenite of 
nature of its decomposition during cooling. R. 18 is 9 [2]. To check this, chromium 
Hence, in the second series of experiments, steels containing 0.2 and 0.5% carbon and 4% 
quenched specimens were heated to 225-250°C chromium (i.e. with a relative concentration 
at which in all the steels there was only an of 20 and 8%) were studied, and it was found 
onset of decomposition of retained austenite, that retained austenite decomposes in these 

steels only during heating and isothermal 

holding, 


J 

—wel 


W/ 
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Fig. 2. Variation in the magnetization in 
heating steel R. 18. 1 = heating at 5°C/min: 
2 = heating at 0.3°C/min. 


The experiments showed however that under 
such tempering conditions, in all steels 
except the high chromium (1% carbon, 8% 
chromium) the decomposition of austenite was 
the same as before, proceeding during heating 
and in isothermal holding, and not during 
cooling, 

In the 8% chromium steel, right up to 400°C ; 
practically no decomposition of austenite was 
observed either in heating or cooling, In 200 300 
heating to higher temperatures, decomposition Fig. 3a-b. Variation in magnetization on 
occurred in all three stages (heating, holding heating, isothermal holding (60 min) and cooling 
and cooling), The nature of decomposition in of quenched chromium steel: a = 1% carbon 8% Cr; 
this steel was similar to that for steel] R. 18 b=1%C, 8% Cr. 
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Thus, the decomposition of retained 
austenite in tungsten, vanadium and chromium 
steels only indicates that the stability of 
austenite in R.18 during heating is due to 
the combined stabilizing actions of carbon 
and alloying elements, The stability of 
gamma iron during isothermal holding in the 
tempering range of this steel may also be 
connected with this. 

As already indicated, the nature of the 
decomposition of austenite in R. 18 depends 
on the rate of heating, It was of interest 
to find out whether this is a peculiarity 
only of a high-speed steel or whether it 
applies to other alloy steels. The tempera- 
ture of 550-560°C for steel R. 18 is a zone 
of stability of supercooled austenite, 
Retained austenite also has enhanced stability 
in this zone. The similarity of temperature 
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Fig. 4a-b. Variation in magnetization in 
heating, isothermal holding (50 min) and cooling 
quenched R. 18. 


zones for stability for supercooled and 
retained austenite is observed also in a 
number of other steels [4,5]. 

These data suggest that the decomposition 
of retained austenite during slow heating of 
quenched steel can be suppressed if the 
steel is rapidly heated to the temperature 
of its stability. In further cooling (after 
holding) retained austenite could decompose. 

A study of the character of decomposition 
of supercooled austenite in tungsten, 
vanadium and chromium steels show that as 
the content of alloying element (1% carbon) 
increases, the diagrams of isothermal] decom- 
position gradually change from the usual 
(C-form) to a more complex (S-form) and the 
temperature zone of stability of austenite 
widens. This zone appears clearly in 
tungsten steels above 6% tungsten, and in 
vanadium and chromium steels at and above 2% 
of these elements. 

A check on what has been said about the 
superheating” of retained austenite was 
made in steels 5Kh40, 10Kh30, 10Kh40, 10V12, 
10V20, 10V40, 10W60, 10W130, 10W180. The 
specimens were placed in a tin bath heated 
to 500 and 550°C, held for 60 min, then 
slowly cooled in the fumace and reheated to 
350°C, All these operations were made in an 
MAG-51 magnetometer, the design of which [6] 
made it possible to make continuous obser- 
vations on the change in magnetization of a 
specimen in all stages, 

It was found that in all the steels, 
retained austenite was stable at 500-550°C, 
In 10V1i2, 10V20, and 10V40, 10Kh30, 10Kh40 at 
550°C the decomposition was isothermal, and 
at 500°C, except in steel 10V12, in which 
the decomposition occurred during heating and 
in isothermal holding, the austenite is 
stable, and its decomposition occurs in 
cooling; in 10W60, austenite is stable 
at 550°C (Figs. 5,6). In steels 10W130 and 
10W180, austenite is stable, both at 500 and 
at 550°C. In cases when after such tempering 
austenite is partially preserved, in repeated 
slow heating it was observed to decompose in 
the same temperature range as in slow heating 
original quenched specimens (Figs. la-c; 
5,6). 

Thus in al] the steels studied, having a 
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poses during cooling. The similarity between 


200 the temperature zones of stability and 
160 i kinetics of decomposition suggests that 
stability of austenite and the character of 
160 : the processes in tempering annealed steels 
ine 2 
id YING and the isothermal decomposition of super- 
cooled austenite are due to the same causes, 


so far unknown, 
A comparison of the kinetics of decomposition 


100+ of retained austenite in tempering steels 
$0 \ R. 18 and steels containing the same quantity 
of alloying elements as a high-speed steel 
60 300 WOT show that in alloying steels with tungsten 
G 20'40'60'T and chromium, austenite decomposes in the 
same way as austenite in steel R. 18. 

Fig. 5. Variation in magnetization of steel Alloying with vanadium does not produce this 
10Kh40, 1 = in isothermal holding; 2 = in similarity. This suggests that the peculiar- 
repeated heating and cooling. ity of decomposition of austenite in high 

pre speed steels is connected with the effects of 
270 chromium and tungsten. The tendency of 
a chromium considerably to increase the stability 
0 2 of retained austenite, and also the complete 


similarity between the kinetics of decompo- 
sition of austenite in high-chromium steels 
210 and steel R. 18 in isothermal tempering, 
forces one to think that chromium has a 
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The reasons for the specific influence 
of the temperature and initial composition 
of steel on the kinetics of the formation 
of the layer of pure ferrite in carbon and 
alloy steels has not been fully investi- 
gated. 

The formation of ferrite in the process 
of decarburization is linked with the 
emergence and subsequent displacement of 
an interphase boundary surface. It is 
therefore quite logical, to use the pro- 
position of the regularity of the diffusion 


shift of this phase boundary [1] for the 


analysis of this process. The theoretical 
conclusions obtained were checked by 
experiment. In the present paper the 
results of this work are presented. 


FERRITE FORMATION IN THE 
DECARBURIZATION OF 
CARBON STEELS 


It is well known that ferrite formation 
may occur on the surface of specimens of 
carbon steels when the decarburization 
proceeds in a sufficiently active medium 
and the temperature of the process lies 
between the eutectoid line and the tem- 
perature A_ for pure iron. Usually a 
layer of pure ferrite emerges first, 
which advances frontally into the depth 
of the specimen, creating a zone of elon- 
gated (columnar) crystals of a solid 
solution [2 - 6]. 

If one is considering the decarburization 
of eutectoid steel both the surface and 
the interior of the specimen should he in 
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the austenite state at these temperatures. 
The carbon content on the surface is reduced 
according to the degree of decarburization. 
The formation of ferrite on the surface of 
the specimen becomes possible when the 
carbon content falls below the limit of 
solubility of ferrite in austenite i.e. to 
the left of the line GS in the phase diagram 
of iron-carbon alloys. (Fig. 1). 


Carbon content % 
Cy <a 


Distance from surface, mm. 


Fig. 1. Nature of the carbon distribution along 
the section of the diffusion zone at various 
stages of the decarburization of carbon steel 


The emergence of ferrite is accompanied by 
the formation of an interphase ferrite- 
austenite boundary at which definite boundary 
compositions, which in the first approximation 
are characterized by the equilibrium condi- 
tions of these phases at the given temperature, 
establish themselves and remain virtually 
constant. One may assume that these boundary 
compositions are determined ly the lines (P 
and GS in the phase diagram and that the first 
line characterizes the boundary composition of 
the ferrite and the second the boundary com- 
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position of the ferrite and the second the 
boundary composition of the austenite. 

In the further development of decarburi- 
zation the carbon concentration at the 
surface continues to diminish approaching the 
values it should have when the surface of the 
specimen reaches the state of equilibrium 
with the surrounding medium. Simultaneously, 
the interphase ferrite-austenite boundary 
advances into the interior of the specimen, 
i.e. the ferrite layer grows, while the 
boundary compositions of the phases remain 
virtually unchanged (Fig. 1). 

It is easy to show [1] that the advance of 
the phase boundary into the depth of the 
specimen goes on under the influence of the 
development of diffusion processes within the 
ferrite. This is hindered by the diffusion 
processes occurring in the adjoining sections 
of austenite which tend to shift the phase 
boundary to the surface of the specimen. 

The rate of growth of the ferrite layer 


(the rate of advance of the interphase ferrite- 


austenite boundary) can in the first approxi- 
mation be expressed by the following equation: 


dc, dc, 


Am,— Am, * dx, (1) 


= 
ph b 


A 
ph b 


Here v is the rate of advance of the inter - 
phase boundary; A my the amount of carbon 
removed from the unit surface of the inter- 
phase boundary in the unit of tinie on account 
of the diffusion in the ferrite, A Me the 
amount of carbon brought to the unit surface 
of the interphase boundary in unit time hy 
the diffusion in the austenite, A CHhb the 
difference in the boundary carbon concentra- 
tions at the inter-phase ferrite-austenite 
boundary, D@q@ and Dy the carbon diffusion 
coefficients in ferrite and austenite, 
de,/dx, and de, /dx the carbon concentration 
gradients of ferrite and austenite respec- 
tively along the section. 

It follows from this equation that the rate 
of ferrite growth is determined on the one 
hand by the difference in the amount of 


carbon removed from the surface of the specimen 


by diffusion in the a@- phase and that 
brought to it hy diffusion in the austenite, 


and on the other hand by the fall in the 
carbon concentration which establishes 
itself at the interphase boundary. 

Taking the aforesaid into account, it is 
easy to analyse the influence of various 
factors dn the kinetics of the growth of the 
ferrite layer in the process of steel de- 
carbonization, For example, a change in the 
temperature of decarbonization should effect 
both the values of the carbon diffusion 
coefficients in ferrite and austenite and the 
values of the boundary carbon concentrations 
at the interphase boundary. 

As we know, on raising the temperature the 
diffusion coefficients increase in accordance 
with the equation 


™, 


where A is the pre-exponential factor (cm/sec), 
U the work of loosening, or heat of activation 
of the crystal lattice (cal/sol), R the gas 
content (1.95 cal/mol), and T the absolute 
temperature. 

We recall that the activation energy of the 
crystal lattice for carbon diffusion in 
ferrite is 18,000 to 20,000 cal/mol [7 - 8], 
and for carbon diffusion in austenite 31,000 
to 32,000 cal/mol [9 - 10]. A rise in tem- 
perature therefore increases the carbon 
diffusion coefficient more in austenite than 
in ferrite. 

An increase in the temperature also reduces 
the value of the boundary concentrations of 
carbon which establish themselves at the 
interphase boundary. All other conditions 
being equal, this should reduce tlie carbon 
concentration gradient along the section of 
the ferrite layer and, on the contrary, 
increase the carbon concentration gradient 
along the section of the lower parts of the 
initial austenite, 

It is evident that on raising the tempera- 
ture of decarburization the rate at which 
atoms are brought to the interphase boundary 
by diffusion in austenite increases more 
rapidly than the rate at which carbon atoms 
are removed from the same boundary by 
diffusion in ferrite, As a result of this, 
an increase in the decarburization temperature 
should reduce the numerator in equation (1), 


(2) 


EE | 


i.e. should tend to reduce the rate of growth 
of the ferrite layer at the surface of the 
specimen, 

With increasing temperature, however, the 
difference in the boundary concentrations of 
carbon which establish themselves at the 
interphase boundary of the specimen, Ac hb 
depends on the divergence of the lines GS 
and GP in the phase diagram of iror-carbon 
alloys, also decreases. Since this quantity 
is in the denominator of equation (1), its 
reduction should yield the opposite result, 
increasing the rate of development of the 
ferrite layer. In the final analysis one 
must therefore expect that an increase in the 
decarburization temperature above the 
eutectoid line will at first accelerate the 
process of growth of the ferrite layer at the 
surface of the specimen and later, slow it 
down. 

Similarly, one can show that at a given 
decarburization temperature an increase in 
the carbon content of the initial austenite 
should lead to an increase in the concentra- 
tion gradient of the carbon in that phase 
and, hence, should increase the rate at which 
carbon is brought to the interphase boundary, 
As a result the rate of growth of the ferrite 
layer should inevitably decrease a] though 
there occurs an increase in the intensity of 
the diffusion processes and of the amount of 
carbon burnt, 

The presence in the initial austenite of 
undissolved carbide which can be observed in 
the decarburization of hyper eutectoid steels 
in the temperature interval A, - A, should 
facilitate a reduction in the depth of the 
austenite zone with changed composition which 
adjoins the growing ferrite layer. This is 
because the carbides, gradually dissolving in 
the austenite, make up for the loss of carbon 
which has diffused to the ferrite- austenite 
boundary. As a result the presence of undis- 
solved carbides is also a factor slowing down 
the process of growth of the ferrite layer in 
the decarburization of transeutectoid steels. 

In the decarburization of hypo-eutectoid 
steels at temperatures in the region A, -A 
there are also present in the initia] struc- 
tures quantities of ferrite. Their presence 
should hinder the development of diffusion 
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processes in the austenite, since it facili- 
tates the preservation of a constant carbon 
concentration in the austenite which adjoins 
the ferrite. This should accelerate the 
development of the ferrite layer which 
emerges on the surface in the process of 
steel decarbonization. Besides, in the 
process of decarburization the initially 
existing ferrite grains may mechanically 
unite with the ferrite layer which grows on 
the surface of the specimen and also increase 
the rate of growth of this layer. 

It is evident that the lower the initial 
carbon content in the steel, the more free 
ferrite is formed at a given temperature of 
heating, and the more rapid the formation of 
the layer of pure ferrite in the decarboni- 
zation process, 

If the carbon content in the steel is 
sufficiently low the initial structure at the 
temperature of heating may consist in the 
main of ferrite in which individual] volumes 
of austenite are embedded. In this case 
carbon diffusion will occur not only in the 
layer of pure ferrite but also in the volume 
of the initial ferrite adjoining this layer. 
This inevitably leads to the solution of 
these austenite volumes in the surrounding 
ferrite just as the excess carbides dissolve 
in the austenite of hypereutectoid steels in 
the decarburization of the latter in the 
temperature region A, - Aan Besides, the 
particle of initia] ferrite which unites with 
the layer of pure ferrite forming on the 
surface of the specimen wil] hinder the 
development of columnar grains, as a result 
of which the structure of this layer should 
consist of ordinary equiaxial grains of 
ferrite, 


2. FEATURES OF FERRITE FORMATION IN 
THE DECARBONIZATION OF ALLOY STEELS 


The presence of alloy elements in the 
initial composition of the steel should be 
reflected both in the values of the carbon 
diffusion coefficients and in the equilibrium 
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conditions of these phases at various 
temperatures. * 

At the present time we know very little 
about the effect of alloy elements on the 
carbon diffusion coefficient in austenite 
and particularly in ferrite. Besides, the 
published data requires further checking and 
greater precision. We know [8] that such 
elements as silicon, chromium, manganese, 
tungsten, vanadium reduce the carbon 
diffusion coefficient in ferrite, while nickel 
and cobalt increase it. In the diffusion of 
carbon in austenite such elements as silicon, 
chromium, tungsten, molybdenum (in amounts of 
more than 0.5 per cent) and aluminium (in 
amounts of more than 1.0 per cent) lower the 
diffusion coefficient, while nickel, cobalt, 
smal] amounts of molybdenum (less than 0.5 
per cent) and aluminium (less than 1.0 per 
cent) increase it [9]. It is believed that 
manganese has a slight effect on the value of 
the diffusion coefficient of carbon in aus- 


tenite. 
The data referred to shows that the effect 
of the majority of the elements on the 


diffusion coefficient of carbon in ferrite 
and austenite is similar: if the element 
reduces the diffusion coefficient of carbon 
in ferrite, it usually also reduces the 
diffusion coefficient of carbon in austenite, 
and vice versa. 

This effect of the alloy elements on the 
diffusion coefficient of carbon in ferrite 
and austenite should correspondingly affect 
the total depth of the decarburized zone and 
the amount of burnt carbon. For the charac- 
teristic of the kinetics of the growth of the 
layer of pure ferrite, however, the total 
intensity of the progress of the diffusion 


processes is not so important as the difference 


in the rates of these processes along the 
section of the emerging ferrite layer and the 


* Besides, the alloy elements may change the 
kinetics of the interaction and the equilibrium 
conditions of the surface of the specimen with 
the surrounding medium, thereby changing the 
value of the carbon concentration at the sur- 
face of the specimen. This question is, however, 
relatively not fully investigated and its exam- 
ination is beyond the limits of the present paper. 


portions of initial austenite underneath. 

It is therefore interesting to trace the 
change in the relation of the diffusion 
coefficients in ferrite and austenite with 
the increase in the content of one or another 
element. If an increase in the content of 
the element increases the ratio Dg /Dy then 
all other conditions being equal the rate of 
growth of the ferrite layer on the surface 
of the specimen should also increase. On 
the other hand, if this relation decreases 
one should observe a decrease in the rate of 
ferrite formation. 

From the data available at preset it is 
difficult to estimate the effect of alloy 
elements on the noted ratio between the 
diffusion coefficients. One can only suppose 
that in the majority of cases this effect 
will be relatively small, since the diffusion 
coefficients of carbon in ferrite and 
austenite usually change in the same sense 
when the content of the majority of alloy 
elements is increased. There is therefore a 
basis for suggesting that the effect of alloy 
elements on the values of the diffusion coef- 
ficients of carbon in ferrite and austenite 
is not of decisive importance for the deter- 
mination of the rate of ferrite growth in 
the decarbonization of alloy steels. Evi- 
dently the main cause of the change in the 
rate of growth of the ferrite layer in alloy 
steels can be the change in the conditions of 
the equilibrium between ferrite and austenite 
under the influence of the presence of certain 
alloy elements. The influence of this factor 
is usually not taken into account, although 
it is just this factor which may be decisive 
for the determination of the features and 
kinetics of ferrite formation in the decar- 
burization of alloy steels. 

If one is considering the effect of alloy 
elements on the change in the conditions of 
equilibrium between ferrite and austenite 
one must in the first place take note of the 
following circumstances: 

(a) The presence of alloy elements in the 
initial composition of the alloy may and 
should affect the temperature interval in 
which the formation of the ferrite layer 
occurs in the process of steel decarburiza- 
tion. It is evident that in alloy steels 
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the formation of ferrite may occur at 
temperatures between the eutectoid interval 
and the temperature of thea Y trans forma- 
tion for the carbon free alloy with the same 
content of alloy elements, Therefore, the 
elements which increase the eutectoid 
temperature interval and contract the y 
region in the binary phase diagrams should 
raise and expand the temperature interval in 
which the ferrite formation occurs in the 
decarburization of steel.™ This effect should 
be particularly clearly observed when the 
content of such elements as silicon, alumi- 
nium, titanium and vanadium is increased 
which have a particularly strong effect on 
the contraction of the Y- region and there- 
fore sharply raise the temperature of the 

a = ytransformation for non-carbon alloys. 
On the contrary, elements expanding the Y - 
region in the binary phase diagrams, for 
instance nickel] and manganese, should act in 
the opposite sense and depress and contract 
the temperature interval in which the forma- 
tion of ferrite in the decarbonization of 
steel is possible. 

(b) The effect of alloy elements on the 
kinetics of ferrite formation in the process 
of steel decarbonization at constant 
temperature can be connected with the change 
in the ferrite-austenite interphase boundary 
composition. As a result both the carbon 
concentration gradient along the section of 
the ferrite and austenite, and the drop in the 
concentration at the surface of the specimen 
will change. From this point of view the 
effect of the alloy elements on the isothermal] 
sections of the temary phase diagram iron- 
carbon-alloy element which passes through the 
region of the two-phase equilibrium (a + ¥Y) 
is of great interest. As an illustration, 
Fig. 2 shows schematically two types of 
isothermal] sections through the two-phase 
region (@+Y). The first type is observed 
in iron-carbon alloys containing elements 
which lower the temperature of thea-yY trans- 
formation in the binary systems iron-alloy 


* An exception is chromium, which, as we know, 
lowers the temperature of thea = Ytransfor- 
mation in the binary iron-chromium alloys. 


element (nickel, manganese, copper, smal] 
contents of chromium). The second type of 
isothermal section is usually observed in 
alloys containing alloys which raise the 
temperature of thea#Y transformation 
(silicon, aluminium, titanium, vanadium 
etc. ).* 

Evidently, the presence in the initial 
composition of the alloy of elements which 
lower the temperature of thea=¥Y trans- 
formation should lower the boundary concen- 
trations of carbon at the interphase boundary 
between ferrite and austenite, All] other 
conditions being equal, we should therefore, 
observe a decrease in the carbon concentra- 
tion gradient along the section through the 
ferrite layer and an increase in the carbon 
concentration along the section of the 
adjoining austeite parts. This should 
inevitably lead to a decrease in the rate of 
growth of the ferrite layer in the process 
of steel decarburization. On the contrary, 
the presence of elements which raise the 
temperature of thea=¥Y transformation 
should as a rule raise the boundary concen- 
tration of carbon at the inter-phase boundary 
and should therefore increase the gradient of 
the carbon concentration along the section of 
the ferrite layer and lower this gradient 
along the austenite section underneath. On 
this account the diffusion process in the 
ferrite should be accelerated and in the 
austenite slowed down; hence during steel 
decarbonization the development of the 
ferrite layer should be accelerated. 


Thus, the presence of elements which raise 
the temperature of thea#Y transformation 
will as a rule lead to the acceleration of 
the growth of the ferrite layer in the de- 
carburization of steel, while the presence of 
elements which lower the temperature of the 
a=¥Ytransformation should slow down the 
development of this process. 


* Exceptions are molybdenum and certain other 
elements which bring about a somewhat 
different form of the isothermal section of 
the ternary phase diagran. 
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(c) The change in the equilibrium conditions 
under the influence of the presence of alloy 
elements in the initial steel composi tion 
can also affect the nature of the transition 
from the zone of pure ferrite to the initial 
austenite undemeath. 

In the case of the decarburization of 
carbon steel] there does not emerge an 
intermediate zone between the layer of pure 
ferrite and the initial austenite parts 
underneath consisting of a mixture of these 
phases, This is because in the binary 
system the equilibrium compositions of 
ferrite and austenite at the given tempera- 
ture are fully determined and do not depend 
on the average composition of the alloy. 
Therefore, if in the process of decarmri- 
zation a layer were to emerge consisting of 
a mixture of ferrite and austenite, the 
diffusion of carbon through this layer would 
be impossible, since along its section the 
composition of each of the phases should be 
the same, and, hence, the carbon concentra- 
tion gradient indispensable for the develop- 
ment of diffusion processes would be absent. 


Alloy element 
content, % 


Alloy element 
content, % 


Carbon content, % 


Fig. 2. Schematic isothermal sections of the 
ternary diagram consisting of iron-carbon-alloy 
element, through the two phase region (a + }): 

(a) the alloy element lowers the temperature of 
the a transformation (Mn, Ni, Cu); 

(b) the alloy element raises the temperature of 
the a? y transformation (Si, Al, Ti, V etc.). 


The position is fundamentally altered in 


case of the decarburization of alloy steels 
which should be regarded as at least ternary 
systems. In this case the equilibrium 
compositions of ferrite and austenite at a 
given temperature are within certain limits 
variable and are determined, as we know, by 
the boundaries of the two phases region 
7)in the isothermal section of the 
ternary phase diagram, Therefore, in the 
decarbonization of alloy steels a layer 
consisting of a mixture of ferrite and 
austenite may emerge between the surface 
layer of pure ferrite and the central 
austenite volumes, As the decarburization 
proceeds, this layer will advance into the 
depth of the specimen ahead of the pure 
ferrite front. The possible distribution of 
the carbon concentration along a section of 
such a layer in the case of the decarburiza- 
tion of alloyed steels in schematically shown 
in Pic; 3. 
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Distance from surface, mm 
Fig. 3. Scheme of distribution of carbon and 
alloy element along the section of the diffusion 
zone in the decarburization of alloy steel: 
(a) the alloy element lowers the temperature of 
the a? transformation (Mn, Ni, Cu); 
(b) the alloy element raises the temperature of 
the x~y transformation (Si, Al, Ti, V etc.). 


3. EXPERIMENTAL VERIFICATION OF THE 
THEORETICALLY DEDUCED REGULARITIES 


The considerations described above were 
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verified experimentally by means of decarburi- 
zing various carbon and alloy steels. The 
decarburization was done at temperatures of 
750, 800. 850, 900 and 950°C in an atmosphere 
of damp hydrogen which is very active and 
excludes the possibility of oxide formation 
in the course of the treatment. The time for 
wnich the specimens were kept at al] the 
temperatures of the experiment varied from 3 
to 12 hr. 

The total depth of the decarburization, the 
depth of the layer of pure ferrite, the 
nature of the structure of the decarburized 
zone and the amount of carbon burnt were 
investigated. The latter was determined from 
the change in the weight per unit surface of 
the specimens which occurred in the process 
of decarburization. Some of the results 
obtained are given in Figs. 4 to 9. 
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Fig. 4. Effect of the temperature on the amount 
of carbon burnt in the process of decarburization 
of various carbon and alloy steels: (1) U12; 

(2) U10; (3) ShKh15; (4) U8; (5) 6082; (6) 
St50; (7) and (8) 35,40Kh, 38KhMIuA, 35KhNM, 
SOKHGSA. 


Evidently, the amount of bumt carbon 
increases regilarly as the decarburization 
temperature is raised and the initial carbon 
content in the steel] is increased. (Fig. 4). 
The presence of alloy elements has little 
effect on the amount of the bumt carbon, 
which has a tendency to decrease with an 
increase of the majority of the alloy elements. 
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Fig. 5. Effect of the temperature on the total 
depth of the decarburization zone of various 
carbon and alloy steels: continuous curves for 
carbon steels, dotted curves for alloy steels. 


The total depth of the decarburized layer 
is, as we know, difficult to determine, it 
increased, however, distinctly with the 
decarburization temperature or when the 
duration of the process was prolonged. 
(Fig.5). A noticeable difference in the 
total depth of the decarturized zones for 
different steels treated under the same 
regime was not observed, and therefore in 
Fig. 5 is given a wide band which character- 
izes the scattering of the experimental points 
obtained for different carbon and alloy 
steels. As a rule, the latter had a slightly 
smaller depth of the decarburized zone 
compared with the similar carbon steels. 

As was to be expected, the thickness of the 
ferrite layer in carbon steels, initially 
increases wifh increasing decarburization 
temperature reaches a maximum at temperatures 
of the order of 800° and then decreases to 
zero as the temperature of 900° is approached 
(Fig. 6). 

A similar regularity is observed also in 
the decarburization of alloy steels, but here 
the upper limit of the temperature interval 
in which ferrite formation occurs during 
decarburization changes, 

An increase in the carbon content in steel 
leads to a regular decrease in the thickness 
of the pure ferrite layer at all decarburi- 
zation temperatures (Fig. 6). 

The presence of alloy elements in the 
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initial steel composition also has a 
noticeable effect on the thickness of the 
ferrite layer, although, as has been remarked 
above, the alloys elements have a slight 
effect on the total depth of the decarburized 
zone, and on the amount of bumt carbon, An 
increase in the content of nickel, manganese 
or chromium decreases the thickness of the 
pure ferrite layer; however an increase in 
the content of such elements as silicon or 
aluminium, acts in the opposite sense, 
increasing the thickness of this layer. This 
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Fig. 6. Effect of the decarburization tempera- 
ture on the thickness of the pure ferrite layer 
which emerges in various carbon and alloy steels: 
(1) 38KhMIuA; (2) 8082; (3) St.35; (4) St. 50; 
(5) U8; (6) 40Kh; (7) U10; (8) U12; (9) 
ShKh15. 


is particularly noticeable in the decarburi- 
zation of such steels as 60S2 and 38KhMIuA, 
in which the thickness of the pure ferrite 
layer proved to be considerably greater than 
in carbon steels with the same carbon content 
(Fig. 6). 

At all decarburization temperatures the 
zone of pure ferrite usually consists of 
elongated (columnar) grains (Fig. 7). An 
exception is the structure of steel 35 after 
decarburization at 750°, which in the pure 
ferrite zone contains a large number of 
equiaxial grains and has no elongated or 
columnar grains (Fig. 8). This is undoubtedly 
connected with the fact that at the tempera- 
ture of 750° this steel is in the interval 
between A, and A, and this leads to the 
formation of the initia] structure with sm]] 
particles of austenite embedded in the main 
ferrite mass, 

As was to be expected, in the decarboniza- 
tion of alloy steels a layer consisting of a 
mixture of ferrite and austenite is usually 
situated between the pure ferrite layer and 
the initial austenite structure (Fig. 9). 


The presence of this layer is more clearly 
observed in specimens quenched immediately 
after decarburization, in which the emerging 
martensite structure fixes the parts where 


austenite was earlier present. (Fig. 9b). 
It is natural that this layer, which consists 
of a mixture of ferrite and austenite, is not 
observed in the decarburization of carbon 


steels (Fig. 7b). 


. 7. Microstructure of steel U10 after decarburization 
in. hydrogen at a temperature of 800°: 
(a) cooling with the furnace; 


(b) cooling in water; 


X 100. 


1959 


Kinetics of ferrite formation 


Fig. 8. Microstructure of St.35 after deqar- 
burization in hydrogen at a temperature of 750°; 
xX 100. 


We note that not only our experiments, but 
also a number of data from the works of 
other investigators confirm the correctness 
of the theoretical regularities described 
above. For example, Shmykov [6] has shown 
that the thickness-of the pure ferrite layer 
in decarburization in the region of 850° 
decreases when the initial carbon content in 
the steel is increased. According to his 
data the maximum thickness of the pure 
ferrite layer in steel U7 is obtained at 
temperatures close to 800°. 

We know that alloy steels containing such 
elements as aluminium or silicon are 
particularly inclined to ferrite formation in 
the decarburization process. This is usually 


connected with the greater tendency of these 
steels to complete carbon combustion, 
although, as has been noted above, the 
amount of burnt carbon in these steels is 
approximately the same as in carbon steels 
with the same carbon content. This can only 
be explained hy the change in the boundary 
compositions which establish themselves on 
the interphase boundary between ferrite and 
austenite in the process of steel decarburi- 
zation. 


CONCLUSIONS 


1. The diffusion processes which ocaur along 
the section of the emerging ferrite layer 
facilitate its growth. On the contrary, the 
diffusion processes which occur in austenite 
parts underneath hinder the development of 
the ferrite layer. 

2. Fora given temperature holding time an 
increase in the initial carbon content in 

the steel increases the amount of the burnt 
carbon but reduces the depth of the pure 
ferrite layer. The total depth of the decar- 
burized layer is virtually independent of 

the initial carbon content in the steel. 

3. For the same holding time an increase in 
the temperature of decarburization leads in 

a given steel to a regular increase in the 
amount of the bumt carbon and to an increase 


Microstructure of steel 38KhMIuA after decarburization 
in hydrogen at a temperature of 850°: 
(a) cooling with the furnace; 


(b) cooling in water; 


X 100. 
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of the total depth of the decarburized 
layer. The depth of the pure ferrite layer, 
however, with increasing decarburization 
temperature first increases, reaches a 
maximum and then decreases to zero as the 
temperature reaches the point A, for pure 
iron or the temperature of thea 2 7 trans- 
formation for the non-carbon alloy with the 
same content of alloy elements. 

4. The presence of alloy elements in the 
steel] has a slight effect on the amount of 
bumt carbon and on the total depth of the 
decarburized layer but helps considerably to 
change the depth of the pure ferrite layer. 
This change is affected markedly hy the 
change in the boundary compositions at the 
interphase boundary between ferrite and 
austenite and only slightly by the change in 
the diffusion coefficients of carbon in the 
a- and Y- solid solution. Therefore, the 
elements which lower the temperature of the 
a = 7 transformation usually hinder the 
process of ferrite formation, while the 
elements which raise this temperature tend 
to accelerate it. 

5. In the decarburization of alloy steels a 
layer consisting of a mixture of ferrite and 
austenite emerges between the pure ferrite 
layer and the austenite parts underneath 
which is absent in the case of the decarburi- 
zation of plain carbon steels. 


Translated by Ruhemann 
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INFLUENCE OF THE COMPLEXITY OF THE "ELEMENTARY ACT" 
ON THE TEMPERATURE DEPENDENCE OF THE RATE OF 
ATOMIC PROCESSES IN A SOLID PHASE, 
AND ON THE MAGNITUDE OF THE APPARENT 


ACTIVATION 


ENERGY* 


V.I. ARKHAROV 
Institut fiziki metallov., Akad. Nauk SSSR 


(Received 9 June 1958) 


The ideas developed in paper [1]can be 
discussed in detail in the following direc- 
tions: 

1. The number \ of “elementary ” portions 
of the possible realization of the “elemen- 
tary act” ina general case, can depend on 
the energy of lattice distortion (u A) and 
temperature (T). 

The interatomic interactions in the crystal 
lattice, generally speaking, are responsible 
for a certain number “a” of atoms being 
involved in the elementary act by means of 
passing on smal] displacements relative to 
the corresponding unit cells of the lattice 
during the occurrence of the elementary act. 
Two facts limit the development of such 
co-operative action: (1) The displacements 
weaken during the subsequent passing on from 
atom to atom to an extent which is the 
greater, the stronger the interatomic bonds; 
(2) when the extent of displacement imparted 
to the appropriate atom is less than the 
mean amplitude of the thermal oscillation of 
the atom, further displacement loses its 
ordered nature and dies down. (The displace- 
ment is a - 1 atoms less than the atomic 
diameter, ) 

Accordingly the following expression for 
the number of atoms participating in the 
elementary act at temperature 7 in the 
portion of the distorted lattice character- 
ized ty the distortion energy u A can be 
accepted: 


* Fiz. metal. metalloved. 7, NO. 2, 209-213, 1959. 


u 
B(T;—T) 


Here, a, = the number of atoms participating 
in the elementary act at the melting point 

T when this number is minute; here we 
assume that a, =n+ 1, where n is the co- 
ordination number; Bis a _ factor which 
determines the degree of the “tendency” of 
the surrounding atoms (beyond the first co- 
ordination sphere) to participate in the 
elementary act, i.e. their sensitivity to 
the displacement of the atom which initiates 
the elementary act. The value of B can be 


worked out from the relationship, 
ap = a, +B, when T = % and u A= 0. 


If we denote thenumberof all atoms in the 
crystal wg A and assume that 
T,;—T 
we obtain for the number of elementary 


portions characterized by the distortion 
energy uA, the expression 


The number of elementary acts requiring an 
activation energy Ua and occurring in the 
corresponding elementary portions, 


dK = N‘9(u) exp (— ) au, (3) 
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where @ (u) is the distribution function of 
elementary portions according to the 
magnitude of surplus energy u A (this 
function expresses the part of the crystal 
volume which is occupied by portions which 
can be characterized by the surplus energy 
uA). Here 


= — Hs, 


where Cs is the activation energy of the 
elementary act in that portion the lattice of 
which is not distorted, 

Let us assume that 


(u,), (Wado — Ugh, 
where Usp is the activation energy of the 


elementary act for the liquid state, 
For the rate of the process we obtain 


(ug 


K = | dK = 
; 


( 4) 


| (1) du| exp 


The integral written in figure brackets is 
expressed ky constant (for the given crystal- 
line substance) values of (u,),, Uzp, Fas If 
this is taken into consideration, the tempera- 
ture dependence of the rate of the process 
can be expressed hy the equation 


dy Bt exp | KT | 
Q 
exp me) 
where Q is the activation energy calculated 
per gram-molecule; Ris the gas constant, 
The fact that the temperature value comes 
into the pre-exponential multiplier expres- 
sion leads to an inaccuracy in the estimation 
of the activation energy, which is obtained 
from experimental data by the traditional 
method, — the construction of the diagram for 


the relationship pa and the 


determination of the tangent of the angle of 
inclination of the straight line obtained to 
the abscissae axis. 


Al though the deviations of such a graph 
from a straight line in the temperature 
range investigated by the usual experimental 
methods are very small for equation (5), the 
apparent activation energy Q obtained from 
the graph is noticeably different from Q the 
(the latter tends to be exaggerated). For 
example a calculation according to equation 
(5) shows that for Q = 20,000 cal/mol, a = 
2000 K, a, = 2, B = 1000, the deviation 
reaches 28 per cent, 

On the other hand, identical values of Q, 
are obtained for substantially different 
combinations of values for a, and B (when Q 
and oe are given), i.e. for cases in which 
the mechanism of the elementary act differ 
substantially, 

Thus, the graphically determinable value 
(the apparent activation energy) represents 
a purely conditional parameter which does 
not give a full picture of the difficulty of 
the process, and of the basic characteristics 
of the mechanism, 

2. Many physical phenomena in solid bodies 
(diffusion plasticity, bainitic trans forma- 
tion in steel, acceleration of recrystalli- 
zation,) make a consideration of the pos- 
sibility of complicated elementary acts in 
structural changes necessary. The discreet 
change differentiating between the state of 
some portion of a solid body after the 
completion of the elementary act, and the 
state of the same portion before the onset 
of the act, may consist of a displacement of 
a few atoms in this portion (or in the dis- 
placement of one atom by several interatomic 
distances). The essence of this is that 
such a ‘manifold’? elementary act can be 
brought about hy the same energy portion Ua 
independent of the multiplicity of the atomic 
displacement arising, The activation energy 
Ug is supplied to the elementary portion of 
the lattice due to fluctuations, and during 
the availability of this energy in the 
elementary portion (before it is scattered 
into the surrounding portions) several 
successive atomic displacements can occur, 
each of which is accompanied hy a _ re- 
distribution of Ug in the elementary 
portion, the subsequent atomic displace- 
ments. 
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Here, the value of u, does not clearly 
define the kinetics of the process as a 
whole, as compared with the process composed 
of the elementary acts, each of which gives 
rise to a single atomic displacement, In the 
complicated case here discussed, it is 
necessary, apart from considering u,, also to 
take into account the multiplicity of atomic 
displacements in each elementary act p. This 
factor depends on J and on uy, The heat 
movement represents to a definite degree a 
relay of atomic displacements. At = 
this obstacle is at its maximum, and it can 
be assumed that p =1; at 7 =0 anduA = 
O, p may be extremely great. The limiting 
factor for p is also the distortion of the 
lattice. AtO<T< the multiplicity must 
be greatest atu,=0. A maximum limitation 
(p = 1) occurs at u A= (ug). From these 
considerations it can be assumed that 

Here p, is the multiplicity of repeated 
atomic displacements in the elementary act 
which occurs in an undistorted lattice at 
1 =T,; Po is the characteristic of a 
crystalline substance definable by the type 
of lattice and the bond forces within it. 

The number of elementary acts dk, requiring 
an activation energy u, and arising in 
elementary portions, will as before be 
determined by equation (3), but for the 
determination of the speed of the process, it 
will not be the value of dK, but the number 
of atomic displacements taking place during 
the accomplishment of these elementary acts, 
pdK, which will be deciding. The speed of 
the process can be determined by the equation 

(Ua), 


| pdK = 
0 
(ug), 
I) Ne (u)exp )du— (7) 


0 


(Ua), 


Jig Ve(u)u, exp (2. dul exp |— 


(Ug K T 
U 


The integrals entering into the right-hand 
side of equation (7) are expressed hy the 
constant values (u,),, If we denote 
the first integral by P, and the second 
obtained from by then 


K= P, (pur P, | (8) 
Assuming that =, the temperature 


dependence of the speed of the process can be 
expressed hy the equation 


= (p At + 1) exp| — Ky exp 

In the usual graphic representation of this 
equation in the form log K’ =f (4+), a 
curve very close to a straight line is 
obtained; however the apparent activation 
energy Q, which can be worked out from such 
a graph (from the inclination of the “straight 
line”) is noticeably different from Q (in 
the direction of a decrease of the latter). 
For instance, for Q = 20,000 cal/mol, Tj = 
2000°K, h = 0.6 and p, = 20, the calculation 
by equation (9) shows that Q, differs from Q 
by 17%; at greater values of Po the differ- 
ence may increase considerably. 

On the other hand, the same value of Q, will 
be obtained for basically different combina- 
tions of pp and h values, i.e. for cases 
which differ entirely in their elementary act 
mechanism, 

3. Taking into consideration that the 
elementary acts can be simultaneously charac- 
terized by a multiplicity of atomic displace- 
ments, and that a multitude of atoms is 
taking part (being displaced) in each of 
these displacements, the value of N entering 
into equations (7) - (9) can be found from 
equation (2). Here we obtain 


k= 


AP; Wao 


P,—P, l 
Assuming =eh’and— = 8, we obtain 
Py as 


K’ Pyh’= + | exp (Wado | 


BB: + | KT 


Vol 
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The deviation of the graph log K‘ = f (1/7) 
from linearity and the difference between Q 
and Q obtained from the inclination of such 
a graph, can vary within fairly wide limits 
according to the relationships between the 
values of p,, h', B and a,, which depend on 
the nature of the substance. In particular 
when the conditions 


poh’ = Be 


are satisfied, the graph will be completely 
linear. 

In this particular case, and in a more 
general one, which can be expressed by equation 
(9%) the complexity of the mechanism of the 
process remains completely unsolved from the 
graph log K‘ =f (+). Processes differing 
by the extent of “collectivity ”’ of the 
elementary act (by the extent of “diffuseness” 
of lattice distortions due to the elementary 
act) and by the multiplicity of atomic dis- 
placements in each act (by the extent of 
order of the displacements indicated) can 
correspond to identical graphs of the same 
kind, This very much limits the physical 
treatment of Qs which is obtained by the 
traditional method from experimental graphs, 
A comparison of numerical values for Q, for 
different cases (for instance “diffusion 
couples”) is justified only if there is 
reason to assume that the elementary acts 
in the compared systems are of the same type, 
both concemming the extent of collectivity 


and the multiplicity of atomic displacements, 
If such reasons do not exist, then a com- 
parison of the numerical values of 2. cannot 
give any conclusions about the relative 
difficulty of the process as a whole for the 
systems being compared, 

The analysis is rendered particularly 
difficult by the fact that the influence of 
multi-atomicity of the displacement and the 
multiplicity of atomic dislocations, compen- 
sate each other to one extent or another, as 
can be seen from equation (9’), The neces- 
sity for working out new ways of experimental 
investigation of the kinetic processes, 
besides the traditional way of investigating 
them by their temperature dependence, is al] 
the more urgent; for instance, an investi- 
gation of the dependence of kinetic processes 
on pressure or (for some systems) on the 
electric field and melting point (in con- 
junction with the investigation of tempera- 
ture dependence), may prove to be more fruit- 
ful, 


Translatea by G Isserlis 
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RECOVERY AND RECRYSTALLIZATION OF 


ORDERING ALLOYS. 


Fe-Co* 
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Institute of precision alloys. TsNIIChM 
(Received 14 May 1957) 


Recovery and recrystallization of cold 
deformed alloys containing between 20 and 75% 
Co have been studied by X-rays. Hardness 
tests were carried out simultaneously. It 
has been found that alloys of the stoichio- 
metric comoositions Fe,Co, FeCo and Co,Fe 
exhibit initial stages of recovery at 
extremely low temperatures. Recrystalliza- 
tion commences at the transformation tempera- 
ture of order-disorder. The alloy FeCo has 


the highest recrystallization temperature, 
For alloys containing 35, 42 and 50% Co an 
anomalous repeated doublet diffuseness has 
been observed, which is associated with 


strengthening and annealing. 

In the course of studying low temperature 
annealing of cold deformed Fe-Co alloys [1], 
it had been found that the nature of order 
establishment taking place is closely 
associated with recovery and recrystalliza- 
tion. Besides, it has been found that 
recovery of an alloy of even atomic compo- 
sitio occurs more rapidly and at lower 
temperatures than of an alloy containing 35% 
Co, 

In this article the results of investigation 
which has been carried out with the aim of 
clarifying the characteristics of recovery 
and the initial stages of recrystallization 
of Fe-Co alloys in relation to the Cobalt 
content, are described. 


PREPARATION OF SPECIMENS AND 
METHODS OF INVESTIGATION 


Alloys, the composition of which is 
indicated in Table 1, were made from Armco 


metalloved. 7, No.2, 214-224, 1959. 


* Fiz. metal. 


iron and cobalt K-1, and cast into ingots of 
1 kg. The ingots were forged at 1180°C into 
billets, and then rolled at 1100-1150°C into 
a strip, 3 mm thick. The hot rolled strip 
was cut into cards, which were water quenched 
from 900°C, and cold rolled to thicknesses of 
0.5 and 0.1 mm. From the cold rolled strips, 
specimens in the form of plates, 20 x 20 mn, 
were cut. The specimens were sealed in 
evacuated quartz ampoules, and annealed at 
150, 300, 400, 450, 500, 550, 600, 700 and 
750°C, holding for 5, 10, and 15 min, 1 and 2 
hr. In special cases the holding time was 8 
hr. Cooling was carried out in air. 

Specimens 0.5 mm thick, were used for 
Vickers hardness tests, using a load of 5 kg, 
and for X-ray investigation by the inverse 
reflection method in a RKE camera for fast 
exposure [2], and in a KROS camera. Exposure 
in this case was carried out in Co irradia- 
tion by tuming the adaptor and the specimen; 
the distance between the object and film was 
100 mm. K q -doublet lines of the plane 
(012) were apparent in X-ray photographs, 
which in the formed specimens appeared 
blurred, until] they merged with the back- 
ground. 

An increase in cobalt content in Fe-Co 
alloys to above 25% is associated with a 
decrease in lattice parameter [3], as a 
result of which the (013) doublet shifts in 
the direction of large Bragg angles — for a 
25 Co alloy o = 81°, for a 75% Co alloy 
o = 86°, Therefore the sensitivity of the 
method to a change in the width of the line 
is great, and increases with increase in 
cobalt content. For the estimation of the 
change in width and intensity of the doublet 
line on annealing, X-ray pictures were 
photometrically evaluated with the microphotc 


Recovery and recrystallization 
TABLE 1 


Compositions of the alloys investigated 


Recrystallization 
III IV 


Recovery 
I II 


Temperature| Temperature | Temperature] Temperature] 
and time | and time | and time | and time ee the 
at which | at which | at which | at which original 
Kx,and Ka| sharp points | continuity) gon. 

maxima | Ka,and | appear in jof the ring] ition 


Hardness a at the annealing 
and soaking temperature 


Co Content, % 


appear maxima the ceases 
appear diffraction 
ring 


400°-2 hours 
500°-2 hours 
550°-2 hours 
600°-2 hours 
750°-2 hours 


650° 
650° 
2 
700° 


600° 
30 min 
600° 
30 min 
850° 
2° ur 30 min 
850° 700° 
8 hr 2 hy 
700° 750° 
15 min 1 hr 
600° 650° 
15 min 1 hr 
550° 600° 
tbr hy 
550° 550° 
30 min 2° hr 


600° 
2. hr 
600° 
700° 
15 min 
700° 
30 min 
700° 
30 min 
600° 
1 hr 
600° 
15 min 
550° 
1 hr 


Note: - 
C-0.015-0. 02%; 
§-0.008%; P-0.005%. 


meter MF-4. 

The beginning of recrystallization was 
indicated by the appearance of separate 
interference spots in the background of the 
doublet line on exposure in the camera KORS 
with a rigid specimen and adaptor. Besides, 
specimens of 0.1 mm thickness were studied in 
an Mo irradiation by exposure to X-rays in 
cameras with a flat adaptor in order to obtain 
texture X-ray pictures for an object-film 
distance of 60 mm. In this case interference 
rings of the planes (011), (002), and (112) 
were observed, from which the nature of the 
texture obtained could be established, and 
the progress of recrystallization observed, 


the impurity content of the alloys was within the limits: - 


Si + Mn not more than 0. 2-0. 25%; 


RESULTS OF INVESTIGATION 


Conventional signs were chosen in X-ray 
photography for the qualitative characteris- 
tics of the development of recovery and 
recrystallization. The beginning of recovery, 
associated with the removal of second order 
stresses and third order distortions, must be 
characterized hy decrease in the width of the 
band formed ty the merging of the doublet 
line, and hy increase in its intensity. A 
slow removal of the stresses may occur already 
at a low temperature, as a result of which the 
beginning of the process is difficult to 
notice, Hence, as the sign for I, which 


a 
20.1 400° 234 246 | 244] 229 | 217] 138 | 138] 139 
20 min 
26.2 400° 254 259 | 248] 241 | 262] 164 | 157] 155 
30 min 
yOL 35.7 500° 252 311 | 316] 338 | 343] 317 | 290] 200 
30 min 
1959 42.0 350° 283 399 | 373| 340 | 373] 371 | 355] 200 
hr 
50 350° 314 389 | 355] 351 | 330] 309 | 303] 205 
1 hr 
65.3 550° 320 418 | 412] 391] 362] 235 | 238] 233 
70.5 500° 285 388 | 367] 321 | 282] 218 | 221] 203 
2. hr 
75.5 500° 262 330 | 324] 212] 197] 189 | 186] 179 
2°. 
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characterizes the initial stage of recovery, 
the appearance of maxima in the micro- 
photometric curve in the region of the Kq- 
doublet, was chosen. 

The second order stresses, which are 


caused by cold deformation, must be completely 


removec for recovery to be completed. The 
sign for II, which conventionally charac- 
terizes determination of recovery, was a 
complete resolution of the K q-doublet, at 
which intensity maxima (corresponding to 
separate lines), appeared clearly in the 
microphotometric curve. In this condition, 
the average dimension of grains and mosaic 
blocks must not exceed 10~* cm. 

The beginning of recrystallization was 
characterized by the formation of grains, the 
size of which was greater than 107° cm. 

Sign III, the interruption of the doublet 
line, i.e. the appearance of separate inter- 
ference spots, corresponded to this. 

The further development of recrystallization 
in this stage, when the grains reached a size 
exceeding 1077 cm, was characterized by sign 
IV, which was associated with a complete 
break of the continuity of the doublet line; 
here only separate interference spots were 
observed instead of the line. 

The processes of recovery and recrystal- 
lization of Fe-Co alloys have individual] 
characteristics, depending on the cobalt 
content. In this respect the behaviour of 
alloys of stoichiometric composition differ 
from that of other solid solutions, in which 
the tendency to the formation of an ordered 
structure is less sharply defined. 


Jomin 


min 
| 6hr./hr 


Co, % 


Temperature °C 


Fig. 1. Annealing temperature and minimum 
soaking time required to produce Kg, and Kg, 
maxima in the photometric curve, in relation to 
the cobalt content of the alloy. 


Fig. 2. Microphotometric curves for alloys 
with different cobalt content, annealed at 400° 
for 30 min 1 42% Co; 2 50% Co; 3 65% Co. 


In Fig, 1 the change in annealing tempera- 
ture and in the minimum holding time at that 
temperature required for the appearance of 
the maxima Ka, and Ka, in the microphoto- 
metric curve (sign I), is show. The tem- 
perature at which recovery develops, is 
lowered in the region of alloys having the 
stoichiometric composition Fe,Co, FeCo and 
FeCo,. In the alloy FeOo the process occurs 
very rapidly: for the appearance of sign I 
on annealing at 350°C, 1 hr is sufficient; 
for an alloy containing 35% Co, annealing at 
500°C for 30 min is required for this purpose, 
and for an alloy containing 65% Co, annealing 
at 550°C for 2 hr is necessary. 

As an example, microphotometric curves 
for alloys containing 42, 50 and 65% Co, 
annealed at 400° for 30 min, are showm 
contrasted in Fig. 2. In curve 2, the maxima 
for the alloy containing 50% Co are clearly 
expressed, in curve 1 for an alloy with 42% 
Co, they are somewhat less sharp, and for the 
alloy with 65% Co (curve 3) no maxima are 
evident, 

The further development of recovery on 
raising the temperature and increasing the 
holding time of alloys containing 35, 42 and 
50% Co, is different from the recovery of a 
65% Co alloy. In a 65% Co alloy (Fig. 3), a 
rise in temperature up to 500°C leads to 
some decrease in the width of the band, 
formed by convergence of the diffuse doublet 
lines. The splitting up of the doublet, 
however, begins only at 550°C, which can be 
seen from the depression in the microphoto- 
metric curve 2. Raising the annealing ten- 
perature to 600°C leads to an acceleration of 
the process — the depression in the micro- 
photometric curve 3 appears already after the 
shortest soaking, As the soaking time is 
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increased, the width of the doublet line 
continues to decrease, and the height of the 
intensity maxima increases. After 1 hr 
soaking, this process ends. Exposure in the 
case of a rigid specimen and aperture shows 
that at 600°C and 15 min soaking discreet 
spots are discemible in the background of 
the diffuse doublet lines, which bear witness 
to the beginning of recrystallization. 
Further increase in soaking time leads to an 
increase in the number of discreet inter- 
ference spots, and a break in the continuity 
of the ring. A complete break of the 
continuity of the ring occurs on further 
raising of the temperature: at 700°C, 5 min 
soaking suffices to achieve this. 

Thus, the process of recovery and the 
initial stage of recrystallization of a 65% 
Co alloy, is reminiscent of the behaviour of 
a pure metal. 


Fig. 3. Microphotometric curves for a 65% Co 
alloy, annealed at various temperatures and for 
various times. 
1 - 500°, 2 hr; 2- 550°, 2hr; 3 - 600°, 2 hr; 
4-600, 5 min; 5 - 600°, 15 min; 6 - 600°, 
30 min; 7 - 600°, 1 hr. 


In Fig. 4, photometric curves for a 3% Co 
alloy are shown, On annealing at 500°C, the 
maxima Kq, and Kq, appear after 30 min 
soaking (curve 2), but on further increasing 
the soaking time the width of the doublet 
again increases somewhat, and the depression 
between the maxima is ironed out (curve 4). 
An analogous effect is observed on annealing 
at 600°C (curves 6, 7, 8). No signs of 
recrystallization are observed here, Recovery 
ends on tempering at 700°C (curves 9 and 10), 


and signs of the initial stage of recrystal- 
lization become evident, 

For a 42% Co alloy, the effect of repeated 
widening of the line and smoothing out of 
the depression between the maxima in the 
microphotometric curve, is very clearly 
expressed. Microphotometric curves for this 
alloy are shown in Fig. 5. On annealing at 
400°C, both maxima are clearly visible in 
the microphotometric curve 1. ‘Their sharp- 
ness increases with increase in annealing 
temperature (curves 2, 3), however at 550°C 
the reverse process is already observed 
(curve 4), and at 600°C the change in the 
appearance of the microphotometric curve is 
considerable. 

The above effect also takes place in a 50% 
Co alloy, but is less clearly expressed. 


Fig. 4. Microphotometric curves for a 35% Co 
alloy, annealed at various temperatures and for 
various times. 
1 - 500°, 15 min; 2 - 500°, 30 min; 3 - 500°, 
1 hr; - 500°, 2 hr; 5 — 600°, 15 min; 
6 - 600°, 30 min; 7 - 600°, 1 hr; 8 - 600°, 2 
hr; 9 - 700°, 15 min; 10 -— 700°, 30 min. 


The temperature ranges for recovery and 
recrystallization for alloys of different 
cobalt content, characterized by the above- 
described signs I, II, III and IV, are shown 
in the form of a diagram in Fig. 6, from 
which it can be seen that in all alloys 
recrystallization commences at a time when 
the recovery process has not fully ended, 

For a 50% Co alloy, a higher recrystal- 
lization temperature and a wider temperature 
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range, in which recovery occurs, are 
characteristic. The recrystallization stage, 
which is characterized by a complete break of 
the continuity of interference lines, is 
attained in this alloy at a higher tempera- 
ture than in other alloys. 

This characteristic of the recrystalliza- 
tion of the stoichiometric composition alloy 
can be clearly seen from the results of a 
study of a series of specimens, 0.1 mm thick, 
deformed to a summary reduction in area of 
97%. 


Fig. 5. Microphotometric curves for a 42% Co 
alloy, annealed at various temperatures for 2 hr. 
1- 400°; 2- 450°; 3- 500°: 4 - 550°: 


Co, % 


Fig. 6%. Temperature ranges of recovery and 
recrystallization for alloys with different 
cobalt contents. 

I - appearance of Kg , and Kq, maxima; II - 
appearance of sharp Kq , and Kq , maxima; IIT - 
appearance of discreet interference spots in the 
the ring; IV -— complete disappearance of the 
continuity of the ring. 

The region of additional diffuseness of the inter- 
ference lines is shown by brackets. 


In the deformed state, the specimens had a 
sharply defined texture, characterized by 
certain orientations, the strongest of 
which was [110] (001). The change in 
structure of these specimens on tempering 
can be seen in Fig. 7 and Table 2. The 
first interference spots from recrystal- 
lized grains in a 42% Co alloy appear after 
annealing at 650°C for 8 hr, in a 65% Co 
alloy at 650°C for 2 hr, in a 76% Co alloy 
at 550°C, and in a 50% Co alloy only at 
700°C after 15 min. The deformation texture 
completely disappears, and is replaced by 
discreet interference spots from separate 
recrystallized grains in a 42% Co alloy at 
700°C after 15 min, in a 65% Co alloy at 
700°C after 5 min, but in a 50% Co alloy, 
the remainder of deformation texture does 
not fully disappear even after annealing 
at 800°C for 1 hr. 

The change in hardness of all investigated 
alloys on annealing at temperatures of from 
150 - 750° after rolling to a thickness of 
0.5 mm (summary reduction in area of 83.5%) 
is shown in Fig. 8 In all alloys an 
increase in hardness at low annealing 
temperatures is observed. A comparison with 
the results of the X-ray study (Fig. 1) 
shows that the increase in hardness attains 
a maximum at that stage of annealing when 
the doublet still remains strongly diffuse. 

The transition of the hardness through 
the maximum is associated with the resolution 
of the doublet. 

For a 25% Co alloy, the greatest value for 
the hardness coincides in temperature with 
the beginning of the resolution of the 
doublet. In the range 400 - 550°C the hard- 
ness decreases somewhat, and the width of 
the doublet line decreases simultaneously. A 
sharp drop in hardness, associated with 
recrystallization, is observed on annealing 
at 600°C, 

In a 35% Co alloy the hardness increases up 
to 450°C; beyond, the hardness remains 
practically unaltered up to 550°C, and drops 
very slightly at 600°C. In this case a wide 
maximum appears in the hardness - temperature 
curve, the position of which coincides in 
temperature with that region in which the 
above effect of repeated doublet diffuseness 
is observed. A sharp drop in hardness, 
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65 50 % Co 42 %0Co 


650-2 hr 


650-4 tr 


700-15 min |700-5 min |650-8 hr 


7OO-/ hr 


800-30 min |8@00-/5 min | 700-6 hr 


Fig. 7. Texture X-ray photographs of alloys, deformed at a summary 
degree of reduction in area of 97%, and annealed at 
various temperatures and for various times. 
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associated with recrystallization, is 
observed for this alloy at 700°C. 


2 

1509-700 400 G00 800 0 200 
Temperature, °C 


7 Fig. 8. Change in hardness of cold deformed 
alloys with different cobalt contents after 2 
hr annealing. 


riginal 
icon dit 
on 


nae min | 


Nardness 
8 


750°- 30. min 


20 4O 60 80 
Co % 


Fig. 9. Change in hardness of alloys in 
relation to cobalt content at various annealing 
temperatures. 


In a 42% Co alloy, the nature of the 
change in hardness is similar to that 
described for a 35% Co alloy. The maximum 
at 400 - 450°C in the hardness - temperature 
curve is associated with the beginning of 
splitting up of the dmblet; the subsequent 
very slight drop in hardness, and formation 


.of a depression in the hardness - temperature 


curve, coincides in temperature with a 
partial splitting-up of the doublet. The 
further increase in hardness at 550 - 600°C 
coincides with the repeated diffuseness of 
the doublet (at a 42 and 50% Co content). 
The sham fall] in hardness at 700°C is 
caused by recrystallization. 

In a 50% Co alloy, the maximum in the hard- 
ness — temperature curve is attained already 
at 300°C; subsequently the hardness de- 
creases, but at 400-500°C retardation in the 
drop of hardness occurs, which coincides with 
the repeated doublet diffusemess effect. 
Further, a more sloping drop in hardness 
is observed than in all other alloys. The 
hardness obtained after recrystallization 
at 750°C is greater than that of other re- 
crystallized alloys. This is due to the 
formation of an ordered FeCo structure on 
cooling in air. The described change in 
hardness during annealing of a 50% Co alloy 
does not in any way differ from the results 
obtained in paper [i], which may be due to 
a difference in the rolling and annealing 
condi tions. 

The hardness of an alloy containing 65% Co 
attains a maximum on annealing at 450°C, 
drops slowly on further raising the tempera- 
ture to 550°C, and then sharply falls in the 
interval between 550 and 600°C. The begine 
ning of the sharp temperature drop coincides 
with the commencement of splitting-up of the 
doublet (Fig. 3, curve 2). The low hardness 
value obtained at 600°C is associated with 
the initial stage of recrystallization. In 
Fig. 9 the change in hardness in relation to 
cobalt content of alloys at various annealing 
temperatures, is shown, Alloys containing 
50 - 65% Co (original condition) possess the 
greatest hardness in the deformed condition. 
On annealing at 400°C for 30 min, a depression 
appears in the curve for a 50% Co allay, as 
the result of the low temperature of recovery, 
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Annealing at a temperature of 550°C for 30 
min results in some lowering in hardness of 
all alloys, but the nature of the curve 
remains basically unaltered. On annealing 
at 600°C for 30 min, the beginning stage 

of recrystallization in a 65% Co alloy 
occurs, as a result of which the hardness 
of this alloy sharply drops, and the 
hardest alloy, as the result of such treat- 
ment, is one containing 42% Co. 

On annealing at 700°C for 30 min, re- 
crystallization takes place faster in alloys, 
the composition of which differs from the 
equi-atomic FeCo (see Fig. 6), as a result 
of which a maximum reappears in the region 
of the FeCo composition. Finally, on 
annealing at 750°C for 30 min, the recrys- 
tallization stage characterized by sign IV 
(see Fig. 6) ends in al] alloys. An alloy 
containing 50% O has the greatest hardness, 
which is due to an extremely sharply 
expressed super-structure existing in this 
alloy, which is formed even on cooling in 
air. 


DISCUSSION OF THE RESULTS OBTAINED 


The increase in free mergy during cold 
deformation of an alloy is due mainly to 
the distortion of the lattice. Second order 
stresses and an increase in the surface 
energy as the result of crushing of mosaic 
blocks also plays a certain part. Besides, 
during cold deformation of an alloy in which 
order is established, the free energy 
increases to the value of the order estab- 
lishment energy, which can exceed several 
times the increase in energy common for 
disordered solid solutions. It is obvious 
that for the series of solid solutions under 
consideration, the greatest increase in free 
energy occurs in an alloy of stoichiometric 
composition. For this reason a cold deformed 
alloy of stoichiometric composition will be 
thermodynamically least stable, as compared 
with alloys the compositions of which differ 
from the stoichiometric one. 

A drop in free energy can occur by two 
methods: by order establishment or hy 
removal of distortions and relief of stresses 


due to cold deformation, i.e. by recovery. 


Both processes, recovery and order establish- 
ment, are interdependent, and at low 
temperatures appear to be able to take 
place simultaneously. This is confirmed 

hy data of annealing temperatures, at which 
the resolving of the doublet begins in X-ray 
photographs of alloys of the compositions 
Fe2Co, FeCo and Co2Fe (see Fig. 1). The 
possibility of order establishment at low 
annealing temperatures in the alloy FeCo has 
been shown in paper [1], on the basis of 
electrical resistance changes. However, the 
strengthening occurring at low annealing 
temperatures (see Figs. 8 and 9), as the 
result of order establishment and an 
inhomogeneously stressed lattice, must be 
associated with the formation of supp]lemen- 
tary distortions and stresses, which leads 
to some increase in free energy. The 
stresses and distortions of the lattice must 
arise in the interim stages of the order 
establishment process, as the result of the 
formation of mixed regions of the ordered 


structure, possessing various degrees of 


order. As on the whole the process can take 
place only in the direction of lowering of 
the free energy, it can be assumed that in 
the case described, the lowering of free 
energy during order establishment must pre- 
dominate over its increase, which latter is 
due to supplementary distortions and 
strengthening, 

It has been shown above that an increase 
in hardness occurs in the region of low 
annealing temperatures; when the doublet 
lines Kg (013) in X-ray photographs still 
remain strongly diffuse (see Figs. 2 and 3). 
In alloys containing 35, 42 and 50% Co, the 
order establishment process, the development 
of which can be judged by the noticeable 
decrease in electrical resistance [1], 
causes an increase in hardness. After 
attaining a maximum hardness, the drop of 
the latter in these alloys is retarded, as 
the result of recovery, hy supplementary 
distortions, the formation of which can be 
judged hy the appearance of a repeated dif- 
fuseness of the Kg doublet line (see Figs. 
4 and 5). 

In paper [4] the position of the boundary 
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of the order-disorder transition of alloys of 
composition FeCo, as well as Fe_Co and 
Co_Fe has been determined by thermal] 
capacity measurements. Besides, it has 
been shown that at low temperatures and a 
Co content of 31 - 67 per cent, an addition- 
al transformation takes place, the nature of 
which has not yet been elucidated. The 
boundaries of the transformation, which were 
determined by Masumoto, Saito and Shinozaki, 
are shown in Fig. 6. The temperatures at 
which the repeated doublet diffuseness for 
alloys containing 35, 42 and 50% Co are 
observed, are in the low temperature trans- 
formation region [4]. 

At higher temperatures, a definite 
relationship must exist between the 
processes of recrystallization and disorder 
establishment. At a temperature below the 
order-disorder transformation boundary, when 
a tendency to preserve the superstructure, 
formed as the result of order establishment 
in the deformed lattice, still exists, the 
diffusion rearrangement of atoms, required 
for recrystallization, can cause disorder 
establishment. However if the decrease of 
the free energy associated with recrystal- 
lization yieldseto the increase of the free 
energy associated with disorder establish- 
ment, then recrystallization will not be 
thermodynamically advantageous. 

In fact, Iokoyama [5, 6] has shown, by 
studying the microstructure, hardness and 
electrical resistance, that in alloys of 
the stoichiometric composition FeCo, Mg,Cd, 
MgeCd, ,, Ni,Fe and Ni,Mn, a recrystal- 
lization cOmmences at the order-disorder 
transformation temperature. 

Hence, it can be expected that recrystal- 
lization for a number of order-establishing 
solid solutions does not begin until the 
temperature attains the boundary of the 
order- disorder transformation. As a result 
of the fact that an alloy of stoichiometric 
composition in this series of solid solu- 
tions possesses a very high transformation 
temperature, it must also possess a very 
high recrystallization temperature. 

In Fig. 6 the combination of the order- 
disorder transformation temperature region 
and the temperature range of the initial 


stage of recrystallization, can be clearly 
seen. The alloy having the stoichiometric 
composition FeCo has the highest recrystal- 
lization temperature according to data by 
Iokoy ama. 

It appears that parts of the new dis- 
ordered phase can act as seed crystals for 
new grains during recrystal lization. 


CONCLUSIONS 


1. A relationship between the temperature 
range of recovery and the composition of the 
investigated Fe-Co alloys, has been found, 
The beginning of the splitting-up of the 
Kq-doublet in X-ray pictures, characteristic 
of the initial stage of recovery, is 
observed at very low temperatures in alloys 
of the stoichiometric compositions Fe_Co, 
FeCo and FeCo,. This is due to the fact 
that ina nuwber of solid solutions, order 
establishing alloys after deformation become 
thermodynamically very unstable. 

2. All,Fe-Co alloys containing between 25 
and 75% Co have the ability to harden in the 
cold deformed state on low temperature 
annealing, The hardening is observed at 
annealing temperatures which do not yet cause 
the doublet to split up. The toughening is 
due to order establishment in the non- 
uniformly stressed lattice and the formation 
of adjacent regions of non-uniform degree of 
order establishment. Despite some increase 
in stresses and distortions of the lattice 
in the intermediate stages of the order 
establishment process, which cause toughening, 
the process on the whole must lead to a 
lowering of the free energy. 

3. In alloys containing 35 and 42% Co, the 
repeated doublet diffuseness coincides in 
temperature with the effect of retardation 

in the fall of hardness after attaining a 
maximum in the hardness-annealing temperature 
(35% Co) curves, or even with the appearance 
of a second maximum (42% Co). The described 
effect takes place in the transformation 
range which was found hy Masumoto, Saito and 
Shinozaki [4] by the thermal capacity measure- 
ment method, 

4, Recrystallization and order establishment 


59 
VOL. 
7 
1959 


Recovery and recrystallization 


in Fe-Co alloys begins at the order-disorder 
transformation temperatures. The stoichio- 
metric composition alloy FeCo possesses the 
highest recrystallization commencement 
temperature. 


jranslatea by George Isserlis 
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A large number of existing experimental 
results provides direct evidence of the 
important influence which small additions 
have on the physical properties of condensed 
systems, The concept of a small] addition 
will vary in quantity depending on the 
properties of the original system. Thus, in 
the case of semiconductor materials, such as 
silicon and germanium, a minor impurity will 
be one of the order of 107* - 1075%, For 
pure metals, such as, for example, titanium 
or chromium, impurities of the order of 
10~1-1073% are regarded as small. In the 
former case, a change in the type and amount 
of impurity within the limits indicated 
brings about a change in, inter alia, the 
type of conduction and the life of minority 
current carriers. In the latter case, such 
a change governs room-temperature britt] e- 
ness, low-temperature resistance etc. The 
majority of properties of condensed systems 
are determined ty their atomic-electronic 
structure. It is only possible to study this 
structure by employing a variety of physico- 
chemical] analytical methods. 

The present article gives some results of 
an investigation of the electron energy 
spectra of dilute solid solutions (study of 
the effect of concentration of the impurity 
elements and temperature on the fine 
structure of X-ray spectra of the alloy- 
matrix atoms) and discusses new model 
presentations developed as a result of these 
investigations. In support of the model 
presentations developed, results are also 
quoted from the experiments made with the 
object of studying the effect of concentra- 
tion of the impurity elements and tempera- 


* Fiz. metal. metalloved. 7, NO.2, 225-234, 1959. 
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ture on the mobility of atoms in a- solid 
solutions with a body-centred lattice 
(determination of changes in the coef- 
ficient of self-diffusion by the method of 
tagged atoms). 

An X-ray spectral investigation was made 
on: metallic chromium of different purities 
(specimen No, 1 — 99.98%, specimen No. 2 - 
99.95%, specimen No. 3 — 99.5%) and chromium 
alloys containing 0.1, 0.7 and 1% Mo. The 
investigation was carried out on spectro- 
graphs with bent crystals, employing the 
following lines of chromium emission: 

transition); and of molybdenum emission 

(K-Ny7, yry-transi tion), AB, 
transition), which are associated with 
transitions between deep atomic levels; the 
investigation included also the chromium 

ABs (K-Nry y7transi tion) line, and the 

moly bdenum LB, transition) line, 
which are associated with electron transitions 
from the 3d- and 4d-bands of chromium and 
molybdenum to the inner l]s- and 2p-levels. 

An investigation was also made of the k- and 
Lyy,7~absorption spectra of chromium and 
molybdenum, respectively, which are associa- 
ted with electron transitions from the ls- 

and 2p-levels into the unfilled part of the 
conduction band and to the 3d- and 4d- bands, 
respectively, 

During the investigation, particular 
attention was paid to procedural points 
aiming at preventing the excitation potential 
from affecting the indices of asymmetry of 
the “final spectrum lines ’’ (because of 
radiation absorption by the anode material), 
and the absorber thickness from affecting the 
line structure in the principal absorption 


edge [1]. 
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Position of Ff 


1 and KB 


TABLE 1 


Electron spectra of dilute solid solutions 


dines and K-edge of absorption of 


iodide, electrolytic and hydride chromium grades 


Chromium 


KBi 


*Bs 


Position of k-edge 


XE 


XE 


eV 


XE 


ev 


Index of 
asymmetry of 
chromium Kqy 


2080.41 + 
+ 0.04 


2056.45 + 
+ 0.03 


5986.3 + 


+ 0. 


2065.76 + 
+ 0.08 


5988.3 + 
+ 0.03 


1.30 + 0.06 


Flectrolytic 


2080.61 + 
+ 0.05 


2066.59 + 
+ 0.1 


5985.0 + 


+0. 


2086.03 + 
+ 0.06 


5987.5 + 
+ 0.2 


1.4 + 0.08 


Hydride 


2080.79 + 


2066.73 + 
+ 0.05 


5985.5 + 


+ 0. 


2068.1 + 
+ 0.1 


5987.5 + 
+ 0.1 


1.20 40.04 


+ 0.04 


The main results of the X-ray spectral 
investigations are shown in Tables 1 and 2 
and in Fig. l. 

A first-approximation attempt at elucida- 
ting the effects of concentration of the 
addition atoms and of temperature has been 
made on the example of lead-tin alloys between 
-190 and +300°C., using y7absorption 
spectra of lead. In previous investigations, 
the effect of temperature was demonstrated 
only on the dispersion processes (a change in 
the fine structure on the short-wave side of 
the principal absorption edge [2]); it 


> 

& 


99 98 


Index of asymmetry 
of Cr Kay 


Fig.1. Variation of relative values of energy 
of chromium and y levels, molybdenum 
and Nry, levels, and index of asymmetry 
of chromium Kq, line in Cr-Mo alloys. 


seemed evident to us, however, that atomic 
vibrations in the lattice of metals and 
alloys, which, at temperatures near the 
melting point, amount to 10-15 per cent of 
the interatomic distance, must exert a sub- 
stantial influence on the whole electron 
energy spectrum of a crystal. The question 
of the effect of additions on the process of 
“fusion” of the fine structure in an 
absorption spectrum first arose in connexion 
with model presentations according to the 
theory of dilute solid solutions 3. 

Ly 772bsorption spectra of lead in metallic 
lead and its alloys with 0.2, 0.5, 2.0 and 10 
per cent of tin were investigated on a bent- 
crystal spectrograph by the transmission 
method (linear dispersion amounted to 4 XE/mm). 


Coeff. of absorption 


Energy 


Fig.2. Control spectra of Lint absorption of 
Pb in PbO and Pb0,. 
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Electron spectra of dilute solid solutions 


The structure of the alloys was determined 
from the data of X-ray structure investiga- 
tions, which confirmed that all the alloys 
were solid solutions (the alloy with 10 per 
cent of tin was obtained hy quenching from a 
temperature of 200°C). Absorption spectra 
were recorded at 4-5 different temperatures 
ranging between -190 and -300°C, All photo- 
graphs were taken in a special vacuum chamber 
(vacuum of the order of 1 x 107° mm Kg). To 
check whether no oxidation took place when 
photographs were taken at a high temperature, 
photographs were obtained of one specimen 
first at a high temperature and then at room 
temperature. As an additional check, Lory 
spectra of lead in PbO and PbO, were specially 
recorded (Fig. 2). 

The curves in Fig. 3 are absorption spectra 
produced by averaging al] photomicrograms recor- 
ded (each curve is an average of 4-5 spectro- 
grams); the wavelengths of characteristic 
points of the L 7edge are given in [able 3. 

Analysis of the experimental data obtained 
permits the following observations: 

1. With three specimens of metallic chromium 
of different degrees of purity, it is 
possible to record experimentally the 
variation in the parameters of the X-ray 
spectrum lines KB,, Kq, and KB. (let us 
recal] that two of these lines, Kq, and 
KB, are related to transitions between deep 
atomic levels ls — 2p and ls — 3p). 


PbSh 
(05% Sn) 


Coeff. of absorption 


As the addition content in chromium 
decreases from the hydride to the iodide 
grades, the K B 1 and K lines become 
displaced to the short-wave side. The 
index of asymmetry of the Kg, line changes 
rapidly. The position of the K-absorption 
edge and the curve of the coefficient of 
absorption remain unchanged, 

2. To characterize the changes in the 
behaviour of the electron energy spectrum on 
passing from pure metals to alloys, one can 
select the change in the absolute value of 
the level energy relative to the energy of 
the corresponding levels of pure chromium 

and molybdenum, For this comparative assess- 
ment it was assumed that the energy of the 
K-level (1s) for the atoms in both pure 
metals and alloys maintains a constant value. 
It is then found that the absolute value of 
energy of the "Tr III level of chromium VOL 
increases on changing from electrolytic 7 
chromium to alloys containing between 0,14 
and 1% of addition (later it remains constant 
up to addition contents of the order of 3%). 
A similar change is observed in the case of 
the Mrviv level of chromium. However, having 
undergone a substantial change in the region 
of smal] addition contents, this level main- 
tains a constant absolute value of the 

change with respect to pure chromium right 
up to alloys with 2.5% Mo. In alloys with a 
higher Vo content, there is a further 


Fig. 3. 


Fine structure of Lory absorption edge of Pb in lead-tin 
alloys for different temperatures and tin contents 
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TABLE 3 


Position on energy scale of maxima and minima of 
fluctuations in Lory spectra of lead 


Pb Sn (0.2% Sn) 


Peak 2 


13. 048 | 13.046 | 13.071 | 13.060 
13,050 | 13,046 | 13,071 | 13.057 


13, 084 
13.078 


13,103 


Pb Sn (0.5% Sn) 


Pb Sn (2% Sn) 


Peak 2 


Peak 2 


max 


13, 062 
13, 060 


13,045 
13, 047 
13,047 


13,984] 13,045 | 13,048 
13,060 | 13.102 | 13.083] 13,046 | 13.050 


13,048 | 13.050 


Pb & (10% Sn) 


Peak 1 in 


Peak 2 


min 


309 - 

200 - - 

20 13. 046 13. 047 
-190 13.046 13. 050 


13.060 
13. 060 


13, 067 
13.072 


13.078 


13. 086 13, 098 


increase in the absolute value of energy of 
the Mry, , level of chromium’. 

The practically constant value of the 
index of asymmetry of the Kg, and Kg, lines 


of chromium in all the alloys investigated 
(except the 0.07% Mo alloy) is from our 
point of view an experimental confirmation 
of the initia] assumption of constant energy 


* Examination of the behaviour of the Mry, V and 
Nry, V levels of molybdenum in the alloys shows 
that, at small molybdenum contents (up to 1 per 
cent), the absolute value of energy of the 
V and Nry V level increases. Further 
increase of the chromium concentration reduces 


the absolute value of energy of the My, y and 

Nry, V levels. The Mry, V levels maintain a prac- 
tically conatant absolute value of energy, with a 
tendency toa slight decrease in alloys witha higher 
Cr content. The Nry, V levels are characterized by a 
sharp initial drop in the absolute value of their energy. 


€5 
— 
° Peak 1 in Peak / in 
300 13.050 | 13,048 
200 13.050 | 13,047 | 138.072 | 13.081 13,088 
20 13.048] 13.046 | 13.072 | 13. 060 13.083 
-190 13.050 | 13.048 | 13.072 | 13,062 13. 0&8 
JOL. Peak 1 in Peak 14 in 
5 T(°C) Fig. 3c Peak 3 Fig. 3d Peak 3 . 
[mex [min | mm | rin [mex [min | max | nin | 
300 - - - - - - 
200 13,050 13, 069 13. 0€4 | 13,072 - - 
20 13.050 13.070 13.060 | 13.070 | 13.082 
-190 13,050 13.069 13.062 | 13.071 | 13.086] 13.102 
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of the K-level in the chromium atoms in 
alloys. 

Such behaviour of the electron energy 
levels of the atoms can be explained in the 
following manner. An increase in the 
absolute value of the energy of a level is 
connected in the first place with an increase 
in the effective charge of the nucleus, which 
may cone about, for example, as a result of a 
loss of some of the 3d-electrons owing to a 
redistribution in space of electrons in 
consequence of a change in concentration of 
the secondary component of the solid solution. 
Thus, an increase in the absolute value of 
the energy of atomic levels indicates that 
they have acquired an excess positive 
charge compared with the charge in a pure 
metal, whereas a decrease in the absolute 
value of the energy of levels indicates a 
decrease in the effective charge of the 
nucleus. 

By considering the experimental results 
from this point of view, it is possible to 
come to the conclusion that, in alloys of 
chromium and molybdenum, ‘Mo as an addition 
possesses an excess negative charge and Cr 
as the matrix - a positive one (compared 
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with their charges in pure metals). The 
charge variation is not reflected, however, 
in the shape of the K line of chromium or 
the LB yl ine of molybdenum, since on an 
average (per atom) this variation is quite 
small, 

Fig. 4 shows the results of measurements of 
the coefficient of self-diffusion for @ -iron 
and its alloys with chromium, molybdenum and 
tungsten as functions of concentration of the 
latter and of temperature [10]. A specially- 
developed method [4] enable the values of the 
coefficient of self-diffusion to be determi- 
ned with a high accuracy of the order of 7-9 
per cent, The principal result to be noted 
among these data is the presence of minima 
of the coefficient of self-diffusion at low - 
(of the order of 107! at.%) impurity con- 
tents, Similar in shape are the curves of 
the coefficient of linear expansion vs, con- 
centration, obtained by Miller [11] with the 
same specimens (Fig. 5). 

What general conclusions can be drawn from 
all the experimental data? 

1. A smal] amount of an addition changes the 
complete electron energy spectrum of an alloy 
when the alloy matrix consists of atoms of 
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transition-group elements (or of atoms of ele- 
ments with virtually unfilled inner levels), 
2. With the formation of interatomic bonds 
in alloys,a change takes place in the distri- 
bution of energy states both in the external 
valency levels and in the relatively deep 
levels, 

3. Evaluation of relative atomic charges in 
alloys, which may be performed using data 
from an X-ray spectral investigation, shows 
that molybdenum as an addition has an excess 
negative charge. 

4. Thermal vibrations of atoms have a 
considerable influence both on the dispersion 
processes and on the whole electron energy 
spectrum, including the charges of the matrix 
atoms. 

5. The presence of smal] amounts of addi- 
tions affects the mobility of the matrix 
atoms; ata certain addition content, the 
mobility of transition-element atoms attains 
a minimum, The variation of mobility with 
temperature is governed hy the sign of the 
excess charge of the addition atoms. 

These experimental facts, together with 
analysis of the literature material [5, 6], 
have led the authors to develop a model 
presentation of the formation of “atomic 
blocks ” in dilute solid solutions, 

On entering a metal, an addition (substi- 
tional or interstitial) gives up its outer 
electrons to the communal conduction band of 
the matrix electron spectrum and acquires a 
charge which generally differs from the 
charge of the atom cores of the matrix metal, 
The number of electrons given up depends on 
the relative position (on the energy scale) 
of the electron levels of the addition atoms 
and the electron levels of the matrix. The 
excess charge (which may be of either sign) 
of the addition can be regarded as a distur- 
bance resulting in band deformation in the 
electron energy spectrum of the matrix metal. 
The corresponding disturbance potential, 
w(r), is of short range. For this reason, 
deformation of the electron spectrum has only 
a local character. This causes redistribution 
in space of electrons in incompletely filled 
bands, tending to equalize their Fermi level 
energies, Such a redistribution of electrons 
in “defective” shells (say, chromium 3d- 


10 
Vi(at. %) 


Mo (at. %) 


Fig.5. Variation of coefficient of linear 
expansion of a@-Fe depending on concentration 
of W, Mo and Cr additions. 


electrons) alters to some extent the effec- 
tive charge of atom cores of the matrix in 
the zone affected by the disturbance poten- 
tial. This last effect can be looked upon 

as ah appearance of “induced” additions, 
whose excess charges have an opposite sign to 
that of the excess charge of the principal 
addition. 

It must be admitted that the displacement 
of the electron energy level due to this 
effect in an infinitely dilute solid solution 
is negligible, and is only directly propor- 
tional to the addition content. Consequently, 
at low addition contents, this effect will 
not be reflected directly in the fine 
structure of the X-ray spectra, Neverthe- 
less, as noted above, a change in the effec- 
tive charge of the matrix atom cores does 
take place in a localized zone around the 
addition. A positive excess charge of the 
the solute will lead to a decrease in the 
effective charge of the neighbouring atom 
cores, alid a negative excess charge of the 
addition atoms - to its increase, With 
ultimate significant, but still small, 
addition contents, this effect can al ready 
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indirectly be detected on studying the fine 
structure of the X-ray spectra, 

Between the principal and the “induced ” 
additions a further bond appears, namely, 
stable blocks are formed (short-range 
order). These blocks persist as long as 
there is no complete overlapping of the 
spheres of action of the disturbance poten- 
tials in the principal additions, so that 
there is an upper limit of the addition 
content at which the blocks are formed. 

The sphere of action of the addition atoms 
can only be evaluated theoretically for the 
case when the value of the energy-level 
density in the (n-])d-band around the Fermi 
boundary of the matrix-metal electron spectra 
is known from experimental data. An 
approximate, semi-empirical estimate of the 
block size can be made using experimental] 
results for the variation of the coefficient 
of self-diffusion (see Fig. 4). If the 
minimum on the curve of the coefficient of 
self-diffusion is related to “dense packing ” 
(without overlapping) of blocks, it is 
possible by a simple calculation to arrive 
at a formula for assessing the radius of 
action of the addition: 
93°9 


1 3 
— 
x / 


where a — lattice constant, x — number of 
atoms in an elementary cell, Cmin ~ Concen- 
tration (at. %) corresponding to the minimum 
of the coefficient of diffusion, 

According to this assessment*, the effec- 
tive radius of action of the addition equals 
approximately 107’ cm, 

One of the present authors [7] has made a 
detailed analysis of the principles under- 
lying the model being developed here, and 
shown that they are applicable in the strong 
coupling approximation. For this reason, the 
results of the investigation [8], offering a 
method of qualitative assessment of the 
electron spectrum deformation (so-called 


* It must be remembered that the matrix metals 
used in the experiments were not absolutely 
pure. For this reason, empirical assessment of 
the effective radius of action gives values 
which are slightly too high. 


“rigid-band ” method) require a critical 
revision. According to our conclusions, the 
rigid-band method is hardly applicable to 
the conduction band, although it is accep- 
table for the assessment of deformation in 
“defective” bands of transition metals. 

This model presentation applies to a 
temperature of absolute zero and to the 
condition of absence of correlation between 
the principal (actual) additions. It may 
be assumed that at temperatures other than 
absolute zero, the general picture will not 
alter radically, except that, with rising 
temperature, the growing atomic mobility 
will to an increasing extent diffuse the 
effect of local hardening (effect of block 
formation). Moreover, in accordance with 
our hypothesis, when temperature rises, one 
must differentiate between the influence of 
additions with positive and negative excess 
charges. It is a fact that, with increasing 
temperature, the electron energy spectrum 
continuously changes. This applies also to 
the spectra of pure metals (one reason being 
the linear lattice expansion). Band 
“compression” also takes place, different 
bands of the electron spectrum of any pure 
metal being “compressed” at different rates. 
The variation in the position of quasi-levels 
in bands affects also the Fermi level, i.e. 
as temperature increases, there is a steady 
displacement of the maximum filled level in 
the band corresponding to the incompletely 
filled inner shell. However, since these 
bands overlap, they must have a common Fermi 
level and, consequently, with increasing 
temperature, electrons must overflow from one 
level to the other, so that there will be a 
continuous variation in the effective charge 
of atom cores in transition metals. 

Let us consider the connexion between this 
last effect and the disturbing influence of 
the excess charge of the addition on the 
electron spectrum of the matrix metal, Let 
us take a specific example, when the displace- 
ment of the Fermi level with increasing 
temperature occurs in the direction of the 
bottom of the conduction band, and the dis- 
placement in the band corresponding to the 
incompletely filled shell occurs in the same 
direction, but “more slowly”. An addition 
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with a positive excess charge, at a tempera- 
ture of absolute zero, deforms the band in 
some localized zone in such a manner that a 
number of quasi-levels which were unfilled 
in the pure metal fall beneath the Fermi 
level. It can be readily appreciated that, 
if the displacement in this band on increas- 
ing temperature lags behind the displacement 
in the conduction band, then, in the case of 
an addition with a positive excess charge, 
the number of such additional quasi-levels 
below the Fermi level will steadily decrease 
with increasing temperature, i.e. the 
absolute value of the negative excess charge 
of induced additions will decrease and, 
consequently, the additional, block-forming 
polar bond will weaken. Thus, the effect of 
blocks in this case rapidly diminishes with 
increasing temperature, both because of the 
increased atomic mobility and because of the 
effect described just now, 

An exactly opposite result must be expected 
when the addition has a positive excess 
charge. The addition results in such local 
deformation of the incompletely filled band 
that some of the quasi-levels, which were 
filled in the pure metal, appear above the 
Fermi level (i.e. the direction of deformation 
is opposite to that of the Fermi level 
displacement with increased temperature). 
Consequently, as temperature increases, the 
number of such quasi-levels appearing above 
the Fermi level will grow, i.e. the positive 
excess charge of induced additions wil] 
increase and so wil] the block-forming polar 
bond, This phenomenon will oppose (Slow down) 
the softening effect due to increased atomic 
mobility at increased temperatures. 

Thus, whilst the effect of additions with 
positive and negative charges is the same at 
a temperature of absolute zero (formation of 
local hardening blocks), it becomes different 
with an increase in temperature. 

A condition accepted for the model was an 
absence of correlation between additions, 
implying low concentrations of additions, 

Let us consider that the concentration of 
an addition gradually increases from zero. 
We will assume that initially the distribu- 
tion of a substitution addition will be 
statistically uniform throughout the whole 


crystalline system, In that case, the 
hardening effect may be expected to increase 
approximately linearly with increased 
addition concentration until the time when 
the blocks being formed have filled, without 
overlapping, the whole system. A form of 
“dense packing” of polyhedra or (for 
simplicity) spheres will thus be achieved, 

A further increase in the addition concen- 
tration will result in overlapping of blocks, 
with the appearance of interference effects 
which will weaken the hardening influence of 
additions, This can be easily visualized by 
considering, for example, the effect of 
blocks on the mobility of the matrix-metal 
atoms (self-diffusion) or their thermal 
vibrations, 

When the mean distance between the addition 
atoms is equal to the effective radius of 
action of the potential of the addition 
excess charge, the effect of block formation 
disappears altogether during such an increase 
in the addition concentration, and the 
system obeys the laws governing the behaviour 
of alloys with the final contents of compo- 
nents, 

The presence of an optimum zone of addition 
concentrations, indicated above, in which the 
effect of block formation manifests itself 
most strongly in the properties of a solid 
solution, is distinctly reflected in the 
curves of the coefficient of self-diffusion 
vs, addition concentration, which makes 
possible the use of the empirical assessment 
formula described above, 

When analysing the results of investiga- 
tions for the final concentrations of the 
secondary component, it is also necessary to 
allow for the variation in the crystal lattice 
constant [9]. 


Translated internally 
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In investigating the laws governing creep 
of alloys, it is of particular interest to 
study the relation between the creep charac- 
teristics and the amount of alloying addi- 
tions. Furthermore, both the behaviour of 
alloys in a state of equilibrium and of 
those alloys whose lattice is distorted as 
a result of deformation is of interest. 

Our investigation, which was devoted to a 
study of some laws of creep in binary alloys, 
was planned in the following manner, It is 
well known that many metals (bismuth, 
antimony, cadmium, tin, mercury, etc.) 
dissolve in lead, forming substitutional 
solid solutions, while their respective 
binary alloys can all be described hy 
identical diagrams of the eutectic type, 

The compositions of the saturated a -solutions 
(at the eutectic temperature) in these systems 
are different, 

In order to be able to assess the results 
of measurements for different alloys, and in 
particular to examine the effect of different 
alloying additions on the creep characteris- 
tics of alloys (both in equilibrium and non- 
equilibrium states), three alloy systems were 
chosen for the investigation (Pb-&, Pb-Cd 
and Pb-Sb), all of which are described by 
similar phase diagrams [1]. The alloys were 
subjected to similar plastic deformation and 
differed from one another only as regards the 
alloying addition, 

It seemed to us that the experimental 
results obtained with such atest scheme could 
be a source of information on the connexion 
between the effect produced by a given alloy- 
ing addition on the kinetics of creep and the 
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parameters determining the relationship of 
the alloying addition to the basis metal, in 
particular the composition of the saturated 
solution at the temperature of the creep 
test, 

A substantial number of experimental 
investigations of the creep process in 
binary and more complex lead-base alloys are 
known to have been carried out [2]. Those 
investigations were undertaken with the 
object of solving certain specific practical 
problems arising in connexion with the 
employment of lead-base allay parts, and were 
made on specimens of technical alloys, using 
loads which gave no certainty that creep was 
not accompanied by plastic processes, In 
evaluating the results obtained by us, the 
data from the above investigations were not 
taken into account, 


TEST PROCEDURE AND RESULTS 


The test apparatus employed in the present 
investigation differed from that described 
earlier [3] only in that it provided hangers 
for two filaments and, consequently, two 
independent drums with mirrors, In this way 
it was possible to study simultaneously the 
kinetics of creep on two specimens under 
identical conditions, We made use of this 
facility in the following manner: two 
specimens of the same alloy were mounted in 
the test machine, one of which was thoroughly 
annealed and the other plastically deformed, 
The alloys were obtained by melting previously 
prepared charge materials under a layer of 


rosin, 
As starting materials, metals of following 
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purities were used: Pb — 99,994%; Mm —- 
- 99.98%; Cd 99.94%; Sb 99.90%. 

The filaments were produced by forcing the 
alloys through a steel die of 0.5 mm dia, 
Before the tests, the filaments were subjected 
to a homogenizing anneal for 2 hr (above the 
test temperature). 

Deformation of filaments with an initial 
diameter of 0.5 mm was performed by compres- 
sing them between two polished steel plates 
to strips 0.1 mm thick. 

The tests were carried out in the following 
way. The specimens were heated at a constant 
rate of 5°/min, which was followed by iso- 
thermal heating for 3.5-4¢ hr, 

During the tests, a load of about 3 kg/cm? 
was applied to the specimens, which was well 
below the elastic limit of these alloys in 
the range of temperatures in which the tests 
were made [4]. 

In order to be able to deduct correctly the 
thermal effect (elongation due to thermal 
expansion on heating) from the curve of 


AL 
—w—+t tests were made to determine the 


relation between the coefficient of linear 
expansion and composition for all alloys 
investigated, using larger (3 mm dia), 
thoroughly annealed specimens, 

Calculations have shown that the relative 
error in determining the value of viscosity 
7 equals 3.5 per cent. 

During all tests, the air was constantly 
pumned out, maintaining a vacuum of 
1072-1073 mm Eg, 
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Fig.1. Curves of relation AL/L, = $/t) for 
specimens of alloy Pb (90%) - G&m (10%): J - 
undeformed; JJ - deformed; III = (II - I). 
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Fig.2. Curves of relation AL/L, = p(t) for 
specimens of alloy Pb (95%) - Sb (5%): J - 
undeformed; JI - deformed; JII = (II - I). 


The following alloys were investigated: 


System Pb - Cd, 
Pb + 1 at.% Cd; Pb + 3.5 at.% Cd; 
Pb +2 at.% Ci; Pbh+5 at.% Cd; 


Systen Pb 
Pb +5 at.% &; 
Pb + 10 at.% 


Ph +20 at.% 
Pb +25 at.% 


System Pb - 
Pb + 1 at.% Pb + 3.5 at.% 
Pb + 2 at.% Sb; Ph+5 at.% 


In each test two curves were obtained, 
describing the behaviour of deformed and 
undeformed specimens. Each curve had a 


YO 8 120 160 200740 
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Pig.3. Curves of relation AL/L, = $(t) for 
specimens of alloy Pb (95%) - Cd (5%): TI - 
undeformed; JJ - deformed; JIJI = (II - I). 
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section corresponding to the period of heating 
up, and another section corresponding to 
isothermal heating, In Figs. 1, 2 and 3 are 
shown typical experimental curves obtained 
with alloys from the different systems, In 
these diagrams, the curves I apply to 
undeformed specimens and the curves J] to 
deformed ones, 

The curves obtained were also employed for 
determining the extent of the contribution to 
the value of creep elongation, due to the 
value of creep elongation, due to the 
presence of deformation, The curve JI] (Figs. 
1, 2 and 3), which describes this contri- 
bution, was obtained hy subtracting graphically 
the curve I from the curve IJ. 


EVALUATION OF RESULTS 


The results obtained can be used for 
explaining the composition dependence of the 
creep characteristics of alloys in the 
systems investigated, as well as the compo- 
sition dependence of the effect of deforma- 
tion on the kinetics of diffusion creep. 

To evaluate the results, composition 
dependence of the following magnitudes was 
considered: 

1. 1, - coefficient of viscosity of 
undeformed specimen, determined from the data 
on the rate of steady creep (curve I). 

2. 4 - coefficient of viscosity of deformed 
specimen, determined from the data on the 
rate of steady creep (curve II), The values 
of No and Nq are obtained from the formulae 


(1) 


where p - specific load; €, and €, - creep 
rates under conditions of steady creep for 
annealed and deformed filaments, respectively, 
3. A n - coefficient of effective viscosity, 
determined from the steady portion of the 
curve III. This quantity characterizes the 
change in creep, due to prior deformation of 
the filament, and is obtained from the 
formula 


This is by no means equal to the quantity 


Ax’ =p (2a) 
Ed Eo 
& t= time after which elongation of the 
deformed specimen begins to deviate from the 
“thermal course” as a result of incipient 
creep, 

Since the rate of heating is constant, it 


follows that t, =" , where w. is the rate 
vn n 


of heating, 

5. 6, - amount of additional elongation of 
the deformed specimen, as compared with the 
annealed specimen, taking place during the 
heating time, The magnitudes 7,, 4y and 
4.7 are found to be characteristic 
properties of the equilibrium or quasi- 
equilibrium states of the lattice, while the 
magnitudes t, and 5, characterize the 
kinetics of the removal of lattice distortion 
in deformed specimens during heating, 

In view of such difference between the two 
groups of quantities, they will be considered 
separately, 

Qualitatively, the nature of the composi- 
tion dependence of the magnitudes 9., %y 
and 4 7 was found to be similar in all the 
systems investigated. This circumstance 
provided a basis for examining the above 
relations as functions not of actual concen- 
tration, but of relative concentration €, 
determined as a ratio of the actual atomic 
concentration (c;) to the atomic concentra- 
tion of the saturated solution at the test 


temperature (c,): & = —. It is evident 


that and characterizes the degree 
of saturation of the solution with the given 
alloying addition, 

When the curves of concentration dependence 
of the magnitudes 7), 4 and A 7, shown 
in Figs. 4-6, are examined together, the 
following features become apparent, 

When the solubility of alloying additions 
in lead is varied by a factor of nearly six 
(29% Sn and 5% Sb), the dependence of the 
magnitudes and A 7 on the relative 
concentration £ is given by curves which 
differ little from one another, 
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Dependence of viscosity of equilibrium 
a —- On true concentration: 1 — Pb-Sb; 

3 — Pb-&. b — on relative concen- 
1 - Pb-Sb; 2-Pb-Cd; 3 Pb-Sn. 


Fig. 4. 
specimen. 
2 — Pb-Cd; 
tration: 


The fact that the curves of 7,, 7 4 and 
A 7, obtained in tests with different 
alloys, lie more closely together when 
plotted as functions of relative concentra- 
tion than when plotted as functions of true 
concentration does not provide a strong basis 
for claiming that alloys with the same base 
and equal concentrations of additions must 
have the same viscosity. 

A subsequent theoretical analysis of the 
problem may disclose a more complex relation 
between viscosity and relative concentration; 
the characteristic feature (cf, Figs. 4a and 
4b) observed by us, however, permits the 
conclusion that the coefficient of viscosity 
depends less on the kind and concentration 
of the alloying addition (to the given base), 
than on the degree of saturation of the 
solid solution, 

It should be noted that the observed 
differences between the curves of 7, = $ (£) 
for different alloys are bound to be due, 
among others, to the fact that even the 
slightest distortions remaining in the 
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Fig.5. Relation between viscosity of deformed 
specimen and relative concentration. 
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Fig.6. Relation between Ay and relative 
concentration. 


specimens after annealing may affect such a 
structure-sensitive magnitude as viscosity. 

The divergence of the curves may also be 
caused hy some deformation of the specimen 
during mounting in the creep machine before 
the tests, The latter explanation is 
indirectly supported by the fact that 
scatter of points on the curve of 7, = $ (£) 
is much less pronounced because the 
operations involved in the mounting of 
specimens in the machine can have practically 
no effect on the extent of lattice distortion 
in specimens which were previously severely 
deformed, 

What has been said about distortions 
remaining in annealed specimens as a 
possible cause of incomplete coincidence of 
the curves of 4, = $(£) (Fig. 4) finds 
support in the following facts, 

1, As indicated by the curves of t, = $(£&) 
(Fig. 8), the greatest effect on the state of 
the lattice of deformed lead-base alloys is 
shown hy tin, then cadmium and the least by 
antimony, This is precisely the order in 
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in which the curves of 7, = d(£) are 
arranged (Fig. 4). 

2. Special experiments with a Pb-Sn alloy 
(80% Pb, 20% Sn), consisting of successive 
creep tests on a single specimen which was 
additionally annealed in the machine (without 
removing the specimen from the machine) after 
each test, have shown that repeated annealing 
(under conditions of steady creep) leads to 
increased viscosity (Fig. 7). 

Similar experiments with another Pb-M& alloy 
(95% Pb, 5% Sn) have shown that the value of 
viscosity reached after annealing for 2 hr 
at 180°C remains practically unchanged upon 
subsequent annealing, 

It can be considered that the relation 
presented in Fig, 4, between viscosity of 
alloys in a state of equilibrium and relative 
concentration of alloying additions, 
indicates the following: 

(a) Introduction into lead of an alloying 
addition which enters into solid solution of 
the substitution type facilitates deformation 
which takes place by diffusion mechanism (the 
resistance to plastic deformation of the 
solution increases on alloying, i.e. the 
critical shearing stress increases); 

(b) The effect of a given alloying addition 
on the creep rate of a lead-base solution is 
determined not so much by the actual concen- 
tration of the addition as by the degree of 
saturation of the solution at the test 
temperature. 

As shown hy the experimental curves (Figs. 
1-3), the creep rate of specimens which had 
undergone plastic deformation is higher than 
that of specimens which were previously 
annealed. This fact indicates that the 
crystal lattice of plastically-de formed 
specimens is not in a state of equilibrium 
during the period of steady creep, There 
remains in the lattice some distortions which 
at the test temperature result in a decrease 
of the value of 4 (increase of creep rate). 

It is found (see Fig. 5) that, similarly, 
in the case when the lattice of the solid | 
solution is in a state of quasi-equilibrium, 
viscosity is in practice determined not hy 
the kind of alloying addition, but - as in 
' the case of lattice equilibrium —- by the 
degree of saturation of the solution (relative 


concentration), 

Let us examine the effect of concentration 
on the magnitudes and 

The process of recovery of crystal-lattice 
distortions of deformed specimens during 
heating assists in accelerating creep [3, 5]. 
The effect of the process of distortion- 
elimination on the kinetics of creep taking 
place under constant heating rate conditions 
[6] may be characterized by the quantities 
t, and 

It was already noted earlier that, in os 
@ (€) co-ordinates, the data for different 
alloys do not form a single curve; fora 
given relative concentration of the alloying 
addition and the same degrees of initial 
deformation, deviation from the “thermal 
behaviour” occurs first in Pb-& alloys, and 
then in Pb-Cd and Pb-Sb (Fig. 8). 

The order of arrangement of the curves of 
t, VS. relative concentration ¢ agrees with 
the order of the extent of solubility of the 
corresponding alloying additions in lead, 

This circumstance provides a basis for a 
hypothesis that the magnitude t is determined 
not by the degree of saturation but by the 
actual concentration of the solution, and this 
is in fact confirmed by the curve in Fig, 9, 
in which data for different systems fall 
satisfactorily on to a common curve in ta wy 
co-ordinates, Another common curve is formed 
in 8. - ¢, Co-ordinates by points corres- 
ponding to alloys of the different systems 
(Fig. 10). 

It must be pointed out that the quantities 
t, and 3, are by no means unique charac- 
teristics of the creep process during heating 
of a specimen with a distorted crystal 
lattice. A knowledge of the relation between 
these quantities and concentration can only 
offer a basis for qualitative assessment of 
the relationship between the amount of foreign 
atoms in the solution lattice and the features 
in the kinetics of the early stage of creep, 
resulting from deformation of the specimen, 

The substantial elongation observed in the 
initial stage of the creep process at 
relatively low temperatures cannot be a 
result of diffusion processes alone, 
Presumably, a major contribution to this 
elongation is due to the mechanism of 
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“dislocation creep”. The physical meaning 
of the magnitudes t, and 8. can be con- 
sidered and understood hy referring to the 
concepts of the “exhaustion theory” which 
describes dislocation creep [6-8]. 

As is well known, the principal concepts 
of the “exhaustion theory” are as follows 
[6]. 

1. At a given stress, the creep rate is 
limited by the frequency of thermal fluctua- 
tions which are required in order to make up 
the difference between the applied stress 
and the stress at which creep could occur 
without thermal fluctuations (so-called 
yield stress), The magnitude of the required 
fluctuation may formally be described hy 
some value of complementary “activation 
stress ” Pas 

2. Under conditions of isothermal experiment 
at constant load, the creep rate decreases 
with time as a result of the fact that the 
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Pig.7. Relation AL/L, = $(t) for alloy Pb 
(80%) - Sm (20%) at 180°C: 1 — undeformed 
specimens annealed 2 hr at 185°C; 2 - after 
additional annealing for 5.5 hr at 185°C; 3 - 
after additional annealing for 1 hr at 190°C. 
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dislocations in the lattice (in the inter- 
pretation of Mott and Nabarro [7] - dis- 
location loops) become exhausted. It is 
conjectured that in the initial state the 
lattice has a set of dislocation regions, 
the discharge of which calls for thermal 
fluctuations of different magnitudes, 
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Fig.9. Curves of relation between t, and true 
concentration of solid solution. 
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Fig.10. Relation between 6, and true concen- 
tration of solid solution. 


3. The discharge of each dislocation region 
results in an — of the specimen by 

Bearing in mind the above concepts, the 
magnitudes t, and 8° introduced as charac- 
teristics of creep under conditions of 
constant heating rate, can be interpreted in 
the following manner. 


some value 


The deviation of the curve S4 = (t) 


from a straight line begins after a time th 
i.e. from the moment when discharge of 
dislocation regions begins with a minimum 
activation mergy. 

At a given fixed rate of heating, the 
probability of discharge of dislocation 
regions with a minimum activation energy u, 
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in different specimens is 


kwt 

wo we 

The smaller the value of u,, the lower the 
temperature (and consequently the lower 

the value of t,) at which the curve of 


ol > (t) begins to deviate from the 


straight line. Thus the magnitude th is an 
indirect characteristic of the maximum 
distortions (and consequently of the minimum 
values of activation energy in the process 
of their discharge) present in the specimen 
lattice, Such interpretation of the 
magnitude t, is supported by the results 
of our experiments [3], in which specimens 
with different degrees of lattice distor- 
tion were examined in creep tests performed 
at a constant heating rate, 

The magnitude §, is the value of the 
extra elongation of a deformed specimen 
during the heating time, as compared with 
an annealed specimen, In accordance with 
the concepts of the “exhaustion theory’’, 
6,, is proportional to the sum of products 
of the number of dislocation regions of a 
given type, nis which are eliminated during 
heating, and the values of the contribution 
of each tg (e i) to the magnitude of 
elongation, ~ In some mode] 
experiments Pr it is assumed that e€, is 
equal to all regions irrespective of the 
value of activation energy in the process 
of their discharge, i.e. = const, and 
hence > ns. 

Thus the experimental curves of t, = $(c,) 
and &, = @ (c,) show that, for any given 
degree “of deformation, the number of 
dislocation regions appearing in lead-base 
solid solutions increases with increasing 
concentration of the dissolved element; in 
alloys with a higher concentration of the 
dissolved element there appear dis] ocation 
regions having a lower activation energy 
in the process of their elimination, 

In connexion with the results reported, 
it is important to note the following. 
Since all the experiments were carried out 
on lead alloys, which are characterized by 
high ductility, there is no foundation for 


claiming that deformation of specimens was 
accompanied by the development of an 
extensive system of microcracks which were 
largely responsible for the phenomena 
described. 


CONCLUSIONS 


1. As the content of an alloying addition 
in a solid solution increases, deformation 
of the solution in creep is facilitated, 
i.e. the effective viscosity decreases, 
whereas plastic deformation becomes more 
difficult. 

2. From the example of the alloys 
investigated it is shown that the rate 

of creep of a solid solution whose lattice 
is in a state of equilibrium or quasi- 
equilibrium is determined neither ty 

the actual] concentration nor wy the kind 
of the alloying addition in the solution, 
but by the degree of saturation of the solid 
solution, 

3. The results of creep experiments on 
plastically-deformed specimens have been 
examined in the light of the concepts of 

the theory of exhaustion which takes place 
during the process of dislocation creep. It 
is explained that, for a given degree of 
deformation, an increase in the concentra- 
tion of the dissolved element is accompanied 
in the alloys investigated by development 
of dislocation regions with a lower energy 
of activation of the process of their 
elimination, 
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In this paper the change in the mosaic structure of metals (Fe, Cr, Ni, Cu) 
and solid solutions (Fe-Ni, Fe-Cr, Fe-Nn, Fe-W) under the influence of neutron 
bombardment is studied, It was found that for the majority of the metals 
investigated a broadening of the diffraction lines occurs after bombardment 
with neutrons. It is shown that this broadening is caused both by a decrease 
in the size of the mosaic blocks (areas of coherent scattering of X-rays) and 


by the presence of second order defects. 


A considerable number of papers have been 
devoted to the study of the effects of 
irradiation of various kinds on the physical 
and mechanical properties of solids, These 


studies have established that certain 


properties of solids can suffer considerable 
changes under the action of various kinds of 
bombardment, 

From papers [2-19] we know that as a 
result of the bombardment of certain metals 
and alloys changes occur in their mechanical 
properties, their electric resistance and 
magnetic saturation, the diffusion coefficiamt 
increases, a change occurs in the lattice 
parameter and in the X-ray diffraction 
picture. 

The object of the present work was to study 
the effect of neutron bombardmamt, as one of 
the means to strengthen metals and alloys, 
on the mosaic structure. By the present time 
much experimental materia] has accumulated 
which gives a conception of the various 
changes of the micro- and submicrostructure 
which accompany the strengthening of metals 
and alloys during plastic deformation and 
phase transformations, Papers on the study 
of the mosaic structure of bombarded metals 
and alloys are as yet few. Suggestions on 
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the nature of the processes which occur in 
metals when they are bombarded, which have 
been made in a number of studies, still lack 
sufficiently convincing confirmation. 

The study of the changes in the crystal 
structure of materials strengthened by 
various means (as the result of deformation, 
phase distortion, neutron bombardment), of 
what the changes in the mosaic structure have 
in common and where they differ, is very 
important for the understanding of the 
physical nature of the strengthening of 
metals and alloys. 


METHOD OF EXPERIMENT 


The effect of neutron bombardment on the 
mosaic structure of metals and alloys was 
studied in pure metals (electrolytic Fe, Cr, 
Ni, Cu) and in solid solutions (Fe + 4% Ni; 
Fe + 3% MM; Fe + 8% Cr; Fe + 0.6% W, in 
at.%). Several specimens, measuring 20 x 10 x 
2 mm, were made for each metal and alloy. 

Before being exposed to the neutrons the 
specimens were annealed at the following 
temperatures: Ni and Cu at 400°C (for 30 
min); Fe and the alloys Fe-Ni and Fe-Mn at 
600°C (for 2 hr); Fe-Cr and Fe-W at 650°C 
(for 2 hr); Cr at 900°C (for 2 hr). 


| | 


Neutron 


Some of the prepared specimens (one for 
each materia] examined) were left as 
standards. The remaining specimens were 
subjected to neutron bombardment. The 
bombarded specimens were in hermetically 
sealed capsules of aluminium. During the 
bombardment the temperature of the specimens 
did not exceed 80°C, The specimens were 
bombarded with a total current of ~ 107° 
n/em?, 

The investigation of the mosaic structure 
of the neutron bombarded metals and alloys 
was made with the X-ray method, The 
integral intensity of various X-ray diffrac- 
tion lines was measured. 

The X-ray photographs were taken in 
monochromatic copper radiation in a camera of 
the design by Batenin and Sharov [1] which 
enables radioactive materials to be X-rayed 

The integral intensity (S) and the width 
(B) of the X-ray diffraction lines of 
bombarded and unbombarded specimens were 
measured, For metals and alloys with a body 
centred lattice the intensity of the lines 
(110) and (310) was measured, for Ni the 
lines (111) and (222) and for copper the 
lines (200) and (400). 

Table 1 lists the values of the Bragg 
angles for these lines. 

TABLE 1. Value of Bragg angles for the 
diffraction lines ofthe specimens investigated 


Material (310) (200) (400) 


cr 57° 44" 

Cu 25°15. 58°33" 
Fe-4% Ni 58 16 
Fe-3% Mn 58 12 ~ - 
Fe-0.6% W | 58 16 
Fe-Feé% 58 16 


RESULTS OF THE INVESTIGATION 


The investigations made have established 
that in the majority of the specimens a 
broadening of the diffraction lines is to 
be observed after neutron bombardment, 

The materials investigated can be arranged 
in the following order, according to the 
amount of broadening of the diffraction 
lines: Cu, Fe, Fe-Ni, Fe-Mn, Fe-W. The 
results of the measurements of the width (8) 
of the diffraction lines are given in Table 

The width of the lines was defined as the 
quotient of the total intensity of the given 
diffraction line (S) and the maximum intensity 


of the line (/,,,) 


B= 
max VOL 

Figs. 1-3 show the lines of the X-ray e 
photographs of the neutron bombarded and 
unbombarded specimens of copper and the alloy 
iron-nickel, 

It was interesting to establish what 
changes in the mosaic structure produced the 
broadening of the lines, the presence of 
second order defects, a decrease in the 
block size, or both, 

Since the broadening of the lines is in 
this case relatively slight (with cold 
plastic deformation it is considerably 
greater even at a low degree of deformation, 
5-10%), it was difficult to obtain quanti- 
tative data on the size of the blocks and of 
the second order defects, 

An approximate estimate showed, however, 
that the broadening of the lines was caused 
both by a decrease in the block size and by 
the presence of second order defects. It is 


TABLE 2. Width R of the diffraction lines in milliradians, 
for specimens bombarded with neutrons 


(110) (310) 


Material 


Cu 
Fe 4.2 6.5 


| & |Change, % 


iChange,% 


8.5 


* Only the data for copper and iron is given, for which the broadening of the lines is most significant. 


Neutron bombardment 


0 


Fig.1. Copper. Line (200): 
(a) Before bombardment; (b) after bombardment. 


Fig.2. Copper. Line (400): 
(a) Before bombardment; (b) after bombardment. 


(a) (b) 


Fig.3. Fe-Ni solid solution. Line (220): 
(a) Before bombardment; (b) after bombardment. 


proposed to continue the investigations in 
this direction on specimens given a large 
dose of bombardment where one may expect 
more significant changes in the mosaic 
structure. In determining the integral 
intensity of the lines of the bombarded and 
unbombarded solid solutions, a certain 
weakening of the intensity of diffraction 
was observed after bombardment in the 
majority of cases. These results can, 
however, only be regarded as provisional and 
requiring further checking and special 
experiments, 
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Among the existing ways of increasing the 
strength of metals and alloys the method of 
hardening the metals by cold deformation is 
of interest. As is known, several forms of 
mechanical work hardening are used in modern 
techniques, 

There are a series of investigations 
devoted to the study of the variations in 
the physical state of metals after large 
plastic deformations, In these works it is 
established that cold deformation, as a rule, 
leads to an increase in the yield point and 
in the ultimate tensile strength of a metal 
which has undergone plastic deformation. 

But simultaneously with the increase in 
strength, the capacity of the metal for 
further plastic deformation falls abruptly. 
Thus, in order to obtain greater degrees of 
deformation, when producing rods or wires hy 
drawing, it is necessary periodically to 
anneal] the metal, i.e. to bring it to an 
equilibrium structure, but, by this, that 
increase in strength which was achieved on 
deformation is reanoved. Consequently a 
reduction in the plasticity on cold defor- 
mation is the reason which prevents the 
achievement of not only large amounts of 
deformation without an intermediate anneal 
but also the considerable increase in the 
properties of the metal. 

It is know however [1-3] that the 
structure of the stressed state, on which 
the cold deformation is carried out, effects 
the form of the change in the mechanical 
properties of metals. 

By increasing the compressional constituent 
in the system it is possible to obtain a 
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metal with improved mechanical characteris- 
tics. This fact indicates greater efficiency 
for systems of deformation with volume 
compressional stresses, both in the sense of 
obtaining high degrees of deformation [4], 
and in the sense of more favourable varia- 
tions in the mechanical properties of the 
metals undergoing such deformation. 

We are carrying out work on research into 
the process of extruding non-ferrous metals 
and alloys by a liquid under high pressure, 

A study of the rheology of the flow of a 
metal from a die using this method of 
reduction in comparison with the method of 
stamp extrusion used commercially, allowed 
one to establish a difference both in the 
system of the compressional] force and in the 
character of the flow of the metals [5]. 

The conditions given above made it interes- 
ting to conduct work on the study of the 
change of the mechanical properties of metals 
after cold deformation by hydraulic extrusion 
with liquid under high pressure, and also on 
an explanation of the role of hydrostatic 
pressures in changing the mechanical proper- 
ties of metals. Information on the work of 
establishing the role of the hydrostatic 
pressure will be given later; the aim of the 
present article is to clear up the question 
of the change of the mechanical properties of 
non-ferrous metals and alloys after cold 
deformation hy the hydraulic extrusion with 
high pressure, 

In the work a comparison is also carried 
out of the properties of metals derived by 
this method of reduction with the mechanical 
properties of these same metals on reduction 
hy stamp extrusion. As is known, changing 
the mechanical properties of metals by stamp 
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extrusion is the most favourable among the measured by indicators with an accuracy of 
methods of deformation used in modem up to 0.01 mm, The diameter of the samples 
technology, and carrying out the corres- was measured before testing and after 
ponding comparison for the two methods of fracture using an instrument microscope with 
compression permits an opinion to be formed an accuracy of up to 0.005 mm 
about the effectiveness of cold deformation The tensile tests enabled one to establish 
oy hydraulic extrusion in changing the the change in the mechanical characteristics 
mechanical properties of metals. (ap - the ultimate tensile strength, o _ - 
Below are described the methods we used in the yield point, p, - the relative reduction 
carrying out this work and the basic results in area on fracture) on cold deformation of 
of the research. samples which had undergone different degrees 
of preliminary deformation for the two 
methods of compression, 
RESEARCH METHOD In this study considerable attention was 
paid to the changes in the microstructure of 
For the research a metal was taken which the compressed samples, With this aim 
had undergone various degrees of deformation polished micro-specimens were obtained of the 
by hydraulic extrusion and also by stamping. samples which had received a different degree 
The method of hydraulicly extruding the of deformation by the two methods of compres- 
metal is described in [5]. For the sake of sion, Afterwards measurements of the micro- 
comparing the results an apparatus was hardness were carried out on these polished 
prepared for stamp extruding the metal. In micro-specimens, In order to avoid work - 
basic outline it is a copy of existing hardening, polishing the samples was done 
apparata. electrolytically under conditions close to 
From the metal obtained in this way, those recommended in reference [6], ‘The 
samples being rods of a definite length, were micro-hardness of the specimens was measured 
fastened in special collet clamps, The on the PMT-3 instrument [7]. 
distance between the clamps was held at 10 The following alloys were investigated 
d, (d, - the diameter of the sample before ° aluminium, type AD1 (Fe 0.25%, Si 0.29%), 
testing — it consisted on different copper, type M2 (Cu 99,76%), the alloy AMG 
occasions of 2-4 mm). The pull was produced (Mg 3.89%, Fe 0.36%, Si 0.52%). Before 
on a tensile test machine specially prepared deformation the materials were annealed. 
for this occasion, The rate at which the The properties of the metals in their initial 
clamps moved was 4 mm/min. The forces which state are given in Table 1, 
were applied to the sample at different 
stages in the testing were registered by 
measuring the deformation of small] balls RESULTS OF THE RESEARCH 
previously calibrated with an accuracy of up 
to 0.7 kg. The determination of the elonga- It has already been indicated above that on 
tion of the sample in the extension process cold deformation the strength properties 
was also provided for. The elongation was improve and the plastic properties of the 


TABLE 1 
Properties of the metals in the initial state 


Tp, kg/mm? kg/mm? 


10.9 5. 30 
24.6 7.07 
22.5 11.10 
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metals deteriorate, These changes depend on 
the degree of that plastic deformation which 
the metal has undergone, In Figs, 1, 2 and 
3 graphs are drawn giving the change in the 
mechanical properties of samples of the 
allays AD1, M2 and AMG for the case when the 
preliminary deformation consisted of the 
hydraulic extrusion of these metals at high 
pressure, Along the abscissa are plotted 
the degrees of preliminary deformation 
obtained in the metal hy extrusion, and 
along the ordinate — the mechanical proper- 
ties of these metals obtained by tensile 
testing, It appeared that for all the 
metals indicated the ultimate tensile 
strength and the yield strength rose with an 
increase in the amount of preliminary 
deformation, and the coefficient of the final 
reduction in area decreased. ‘The qualitative 
picture corresponds to the results known from 
studies on the other methods of deformation, 
As regards a quantitative comparison of the 
properties of metals after cold deformation 
by hydraulic extrusion, with those obtained 
using other methods of deformation, it is 
possible to carry out such a comparison for 
the case of a simple extension at atmospheric 
pressure and compression with a stamp. First 
of all one must note that the change in the 


ke/nm? 
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Fig.1. The change in the ultimate tensile 
strength o B AD1, M2, AMG with the growth of the 
degree of preliminary deformation 
2- M2; 3 - AMG: 


=22°30’; 
—2=40°; —A—a2—22°30!. 


kg/mm? 


F- f 

Fig. 2. The change in the yield point of? 
AD1, M2, AMG with the growth of the degree of 
preliminary deformation Pop: 1 - 2- M2; 
3 - AMG; 


— o —a-- 22930’; —am40°; —a= 22°30"- 


mechanical properties on hydraulic extrusion 
are extremely effective in raising the 
limits of the tensile strength (Fig. 1) and 
the yield strength (Fig. 2) of all the 
metals studied by us, in comparison with the 
values for these properties obtained by a 
simple extension, Thus the ultimate tensile 
strength of aluminium is successfully raised 
from 10.9 to 18 kg/mm?, i.e. 1.65 times, and 
the yield point from 5.3 to 17 kg/mm’, i.e, 
3.2 times on changing from extension at 
atmospheric pressure to the case when the 
sample was preliminarily extruded hydraui- 
ically to a preliminary degree of deformation 
709% 

on Figs. 1 and 2, besides the results of 
the change in the limits of the tensile and 
the yield strength for different degrees of 
preliminary deformation by hydraulic pressure, 
points are also plotted which determine the 
corresponding dependence also for the case 
of reduction by stamping (represented in the 
graphs by triangles). As is seen from the 
figures, within the limits of the spread of 
the results of the measurements it is 
impossible to distinguish the relations for 
these two methods of compression, 
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As regards the change in plasticity on cold 
deformation in this case the method of 
hydraulic extension is extremely effective, 
In Fig. 3 along the abscissa is plotted the 
values of the preliminary deformation during 
extrusion of the metals, and along the 
ordinate -— the value of the additional 
deformation shown hy subsequent tensile 
testing to fracture at atmospheric pressure, 
Besides these results the corresponding 
dependence is plotted by dots for a fracture 
on simple extension, Although with the 
increase of the amount of preliminary 
deformation the value of the additional 
deformation both in the former and the latter 
cases decreases, quantitatively this decrease 
is different, and for the preliminary 
deformation by extrusion, the plasticity on 
subsequent extension remains at a higher 
level. For all the metals examined the 
amount of plastic deformation produced by 
extrusion exceeded the limit of plasticity 
determined on testing the samples by simple 
extension. Kowever the metal on undergoing 
such large deformations was capable of being 
deformed on even further extension, For 
aluminium, for example, at = 0.9 
corresponding to a value of final reduction 
in area y,, on simple extension the amount 
of additional deformation was Wadd = 0,66. 


Yr 
10 


~ 


onl 


Fig. 3. The change in the coefficient of the 
final reduction in area nT k AD1; M2, AMG with the 
growth of the degree of preliminary deformation 
pr: 1 - ADI; 2 -+M2; 3 - AMG: 

K 09; 


@—a- 409; —2=22930%. 


As regards the change in the plasticity on 
cold deformation created hy the two methods 
of compression then, as the results of Fig.3 
testify, in this case both qualitatively and 
quantitatively these relations differ little 
from each other. 

In the present work it was possible to 
clarify the problem of the influence of the 
type of instrument (having in mind the size 
of the inlet cone of the die) on the charac- 
ter of the change of the mechanical proper- 
ties during the hydraulic extrusion of 
metals. 

In the graphs of Figs 1, 2 and 3 are plot- 
ted the relations drawn for metals which 
have undergone the preliminary deformation 
in dies with inlet cone angles equa] to 5; 
22°30'; 40°, It seemed that for all the 
three characteristics of a metal (oa 
yy ,) within the limits of the spread of the 
experimental points, they all fall on one 
curve in this case, 

To sum up what has been said we may note 
two basic facts; 

(a) the cold deformation of metals by 
extrusion under high pressure is extremely 
effective both in the sense of considerably 
increasing the strength and also in the sense 
of preserving the plasticity of the metals; 
(b) the usual methods for obtaining the 
average mechanical properties by tensile 
testing did not enable a difference to be 
established in the change in the properties 
of the metals obtained by the two different 
methods of compression, 

Turning to an exposition of the results of 
further research on the study of the change 
in the mechanical properties on hydraulic 
extension let us consider the character of 
deformation during flow. It is known that 
the distribution of the deformation over the 
cross-section of stamp extruded bar is very 
non-unifom. [4, 8]. The indicated non- 
uniformity of the deformation was caused by 
additional shear on account of the friction 
of the metal:against the die. This leads to 
the fact that the outer layers of the bar 
undergo greater deformation in comparison 
with the inner layers, And this determines 
the more intense change in the mechanical 
properties in the outer layers of the com- 
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pressed bar. There are grounds for supposing 
that the flow process of the metals on 
hydraulic extrusion proceed at extremely low 
coeffieients of friction in the region of 
contact [5]. This cannot help but influence 
the distribution of the deformation over the 
cross-section and consequently also the 
mechanical properties of the meta] compressed 
in this way. 

With the aim of defining the given picture 
more accurately polished metallographic 
specimens were studied. Polished micro- 
specimens were prepared from samples of 
copper deformed on dies with different angles 
of entry for different degrees of deformation. 
For comparison, micro-specimens were also 
prepared from annealed copper and samples 
deformed hy stamping. As the microphoto- 
graphs of Fig. 4 testify, in the process of 
deformation the grains of the metal are 


Fig.4. Microphotographs of specimens of copper 
deformed by extruding hydraulically under high 
pressure: 


a— annealed copper. x300; 
=0,5, 300; x3n0- 


Axis of 4 the bar 


Fig.5. The distribution of the microhardness H 
over the cross-section of bars of copper (D - the 
diameter of the bar, d — the diameter of the 
measured section) for the case of hydraulic 
extrusion for different amounts of preliminary 
deformation with a die having an entry angle of 
a = 22°30': 1 - the annealed metal; 2 - 


hydraulic extrusion , 70.5; 3 - hydraulic 
extrusion $a, = 0.624; 4 - hydraulic extrusion 


pp, = 0.712. 


extended and fragmented. This fact is also 
known for other methods of deformation, 
However if on stamping different fragmen- 
tation and extension of the grains are 
observed on theperiphery and at the centre of 
the bar then on hydraulic extrusion these 
differences, especially with a growth in the 
degree of deformation, were hardly distin- 
guishabl ®, A comparison of micro-specimens 
made from samples of copper extruded 
hydraulically through dies with different 
angles of entry permits one to note the 
considerable non-uniformity of the deformation 
over the cross-section on extrusion though 
dies with small or large angles, and more 
uniform deformation over the cross-section of 
the bar for working the metal in dies with 
entry angles from 15 to 40°. 

Similar, but more detailed conclusions can 
also be made from experiments on the measure- 
ment of the micro-hardness, It is known that 
the measurement of the micro-hardness is an 
extremely sensitive method for determining 
the strength that a metal acquires in the 
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process of deformation [9]. ‘This method was 
also used by us for explaining the question 
of the distribution of the deformation over 
the cross-section of the reduced bar, 


75 


Axis of the lar 


05 
D-d 


Fig.6. The distribution of the micrahardness Au 
over a section of the copper bars (D - the 
diameter of the bar, d - the diameter of the 
measured section) for the two methods of reduction 
with a die having an entry angle of a = 22°30’: 

1 - hydraulic extrusion, = 0.5; 2- drawn 


through a die = 0.5. 


Axis of the bar 


Fig.7. The distribution of the microhardness Hu 
over a section of the copper bars (D - the dia- 
meter of the bar, d the diameter of the measured 
section in the case of hydraulic extrusion), 
= 0.5 = const) with dies having different entry 
angles: 

1-a=58°: 2-a= 60°; 3-a@= 22°30’; 

4 - @ = 40°; 5 - annealed metal. 


In Fig. 5 along the abscissa is plotted, 
in relative units, the distance of the 
measured cross-section from the axis 
of the sample, and along the ordinate axis 
- the average value of the micro-hardness in 
a given section (each point is the result of 
not less than six values). Graph / corres- 
ponds to the annealed sample, Graphs 2, 3, 
4 correspond to samples of copper extruded 
hydraulically at different degrees of defor- 
mation, Considering this graph it is 
possible to say that with the growth of the 
degree of preliminary deformation the 
strength of the metal increases (graphs 2, 


3,4). For the degree of deformation P or = 0.5 


(graph 2) a certain non-uniformity of the 
deformation along to edges of the sample is 
still perceived. 

For greater degrees of deformation (graphs 
3, 4), the sample is deformed uniformly over 
the whole cross-section. In Fig. 6, drawn 
in the same co-ordinatesas Fig. 5 graphs are 
plotted which show the distribution of the 
micro-hardness and also consequently the 
deformation over the cross-section of copper 
bars obtained by extruding hydraulically 
(graph 1) and by stamp extrusion (graph 2). 
A comparison of the behaviour of the curves 
relating to one and the same value of the 
preliminary deformation but obtained hy 
different methods shows the difference in 
the distribution of the deformation for the 
different methods of reduction. It is 
completely obvious that the distribution of 
the deformation over the cross-section of a 
bar reduced hy stamping is very non-uniform, 

The measurement of the micro-hardness over 
a section of the samples, obtained by 
extrusion with different dies, permitted 
further definition of the question of the 
effect of the form of the instrument on the 
character of the change of the mechanical] 
properties of the metals on cold deformation, 

In Fig. 7 is depicted a graph showing the 
distribution of the deformation over the 
section of copper bars obtained by extrusion 
(5, = 0.5) through dies with entry angles 
equal to 5 and 22°, 30'; 40 and 60°. If on 
drawing through dies with entry angles of 
220, 30) and 40° (graphs 3 and 4) the non- 
uniformity of the deformation embraces only 
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the boundary regions of the rod, then drawing surface is, from the external appearance, 
though dies with larger or smaller angles of better. 


entry creates a considerable non-uniformity 
in the distribution of the deformation over 
the cross-section (graphs 1, 2). 

Apparently in direct connexion with the 
phenomenon just mentioned is the fact, 
established in service, of the poor extemal 
appearance of the metal surface, (cracking, 
holes) which is obtained by extrusion with 
dies with large and small entry angles, At 
the same time optimum extrusion angles exist 
for which the metal will be of good quality. 
The numerical] value of these angles varies 
from 15 to 45°. 


CONCLUSIONS 


1. Cold deformation of metals by extruding 
them hydraulically under high pressure is 
effective both in increasing the strength and 
in preserving the plasticity. 

2. The mechanical properties on cold defor- 
mation shown by tensile testing coincide for 


both methods of reduction. 

3. The distribution of the deformation over 
the cross-section of a bar extruded hydrau- 
lically is more uniform in comparison with 
the distribution of the deformation over the 
cross-section of a bar extruded hy stamping. 
4. The effect of the type of tool on the 
distribution of the deformation on extruding 
metals hydraulically is explained. It seemed 
that optimum die angles exist which are 
interesting in that in this case the defor- 
mation over the cross-section of the bar is 
more uniform and the quality of the metal 


Translated by J.H. Dempster 
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The creep of pure aluminium and its magnesium alloys is studied. 


It is 


shown that the behaviour of the alloys under load depends on the test 


conditions. 


An explanation of this phenomenon is given from the point of 


view of a different degree of participation in the deformation of shear and 


diffuse plastic flow. 


A study of the mechanical properties of 
the alloys of the Al-Mg system has been 
carried out by many research workers [1-6]. 

It is established that alloying Al with Mg 
increases the alloys’ high temperature 
strength and creep resistance in quite a 
wide region of temperature but most signifi- 
cantly — at low temperatures and fast rates 
of deformation. With a change in tempera- 
ture the strength of the alloy in relation 
to the Mg content also changes, Thus, for 
example, it is shown in the work of Komilov 
and Prakhinaia [4] that in experiments at 
100°C in a centrifuge, the alloys with the 
highest Mg content are the strongest. On 
increasing the testing temperature to 350- 
375°C the alloys with the lowest Mg content 
are the strongest, but at a temperature of 
400°C pure Al has the greatest strength. 
Besides, apart from the testing temperature 
the applied load has also been altered - 
from 0.8 kg/mm? at 300°C to 0.17 kg/mm? at 
400°C. 

A characteristic peculiarity of the Al-Mg 
alloys is the fact, that on increasing the 
Mg content in the solid solution, quite large 
distortions of the crystal lattice occur 
while the strengths of the inter-atomic 
bonds in the grain boundaries of the solid 
solution remain unchanged [7, 8]. 

Considering the laws of the plastic flow 
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of Al-Mg alloys one may conclude that the 
development of plastic flow by shear in 
these alloys is impeded over quite a wide 
range of temperature. This is displayed by 
a rise in the yield point and the tensile 
strength [9]. 

However in the Al-Mg alloys, during 
deformation, diffusion processes can be 
developed which bring about a non-monotonic 
change in the mechanical properties of these 
alloys depending on the temperature and the 
rate of deformation, There are grounds for 
supposing that during the diffusion under 
stress an uneven distribution of the elements 
over the volume of the solid solution occurs 
[9]. 

The present research was carried out with 
the aim of studying the effect of the size 
of the applied stresses on the behaviour of 
the alloys under creep conditions at various 
temperatures, On the basis of data on the 
properties of these alloys it can be expec- 
ted that at relatively low temperatures and 
high stresses, i.e, at high rates of defor- 
mation, when creep will occur mainly by the 
shear mechanism, the alloys with a high Mg 
content, possessing a high resistance to 
being deformed by the shear deformation, wil] 
be the strongest, For low stresses and high 
temperatures the chief role in the deforma- 
tion will be played by the diffusion proces- 
ses connected with the diffusion of the Mg 
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atoms under stress, and in this case the 
hardening of the alloys will be expressed in 
a lesser degree. 


RESEARCH METHOD 


For the experiments Al alloys (purity 99.99%) 
with 0.12; 1.11 and 2.20% Mg were melted in 
a high-frequency furnace, Rods were formed 
from the castings and samples prepared with 
a working part 50 mm long and 8 mm dia, with 
threaded ends, M14, pitch 1.5, In order to 
obtain approximately the same grain size 
(0.16 mm) in all the alloys, the samples were 
annealed at temperatures specially selected 
for each alloy in the region 440-460°C. On 
testing the temperature was held constant 
automatically with an accuracy of + 2°C and 
measured hy two thermocouples fastened to 
the sample, The period for testing the 
samples amounted to 200 hr. 


EXPERIMENTAL RESULTS 


In Figs. 1 and 2 graphs are drawn of the 
creep of pure Al and an alloy of aluminium 
with 0.12% Mg in theco-ordinates € (%) - t 
(time), 

As is seen from a comparison of these curves 
alloying Al with even a small quantity of Mg 
increases the strength of the alloy con- 
siderably. 

Thus, for example, the creep rate of an Al 
alloy with 0.12% Mg at stresses of o = 2.0 
and 3.5 kg/mm? is smaller than the creep 
rate of pure Al, corresponding to stresses 
of o = 1.0 and 2 kg/m’, For higher Mg 
contents the strength of the alloy is still 
greater. It can be seen, for example, in 
the graphs for the creep drawn in Fig. 3. 
Approximately the same creep rate is achieved 
in alloys at considerably higher stresses 
than in pure Al, 

In Fig, 4 the variation of the logarithm of 
the creep rate is depicted at temperatures of 
150-350°C and an effective stress of 2 kg/mm’, 
At all temperatures the variation in the 
creep rate with the concentration on the 
solid solution is very large. On increas- 
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150 200 
t, time, hr. 


Fig.1. Graphs of the creep of pure Al at 150°C 
and under the stresses: 


3 


150 200 
t, time, hr. 


Fig.2. Graphs for the creep of an Al alloy 
with 0.12% Mg at 150°C and under given stresses: 
1-2.0; 2-2.5; 3- 3.0; 4- 3.5 kg/mm’, 


€,% 


50 /00 150 200 
t, time, hr. 
Fig.3. Graphs for the creep of Al alloys with 
Mg at 159°C and under given stresses: 
1 - pure al =1.5 kg/mm?; 2 - Al + 0.12% Me; 
= 2.5 kg/mm?; 3 - Al + 1.11% Me; = 4.0 
kg/mm2; 4 - Al + 2.20% Mg; o = 7.0 kg/mm’. 
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ing the concentration of Mg from 0.12 to 
2.2% the creep rate is reduced by several 
decades. 

The difference between the creep rate of 
pure Al and the alloys is also maintained at 
a very high temperature (350°C). However, 
at this, the creep rate of the alloy with 
2.2% Mg, on increasing the temperature from 
250 to 350°C, increases noticeably faster 
than the creep rate of the alloy with 1.11% 
Mg. Therefore on increasing the testing 
temperature the difference in the strength 
of the alloys is noticeably reduced. This 
tendency is most clearly show at low 
effective creep stresses. In Fig. 5 graphs 
are drawn of the variation of the logarithm 
of the creep rate with the concentration in 
the solid solution for the temperatures 
250-400°C at a stress of 0.3 kg/mm’, 

Comparing the graphs of Figs. 4 and 5 it 
can be seen that on varying the stresses the 
dependence of the strength of the alloys on 
the concentration was considerally altered. 
For low stresses the creep rate of pure Al 
at all temperatures is only slightly higher 
than the creep rate of the alloys. 

The difference in the creep rate between 
alloys with different Mg concentrations was 
also considerably reduced. It can be said 
that, practically, the creep rate of al] the 
alloys is the same. These results indicate 
that the alloys’ behaviour under load is 
influenced not only ty the temperature but 
also by the effective stress. 

It must also be noted that the difference 
between the creep rate of pure Al and the 
alloys gradually decreases on increasing the 
temperature. It is possible that at higher 
temperatures and still lower effective 
stresses pure Al] will appear to be the 
strongest [4]. 


DISCUSSION OF THE EXPERIMENTAL RESULTS 
It is known that on increasing the 


temperature of deformation the role of the 
diffusion mechanism for plastic flow is 


increased. At high temperatures the diffusion 


controlled plastic deformation can ve 
developed along the grain boundaries and 
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%, time 
r 


+2 


4 


Fig.4. The dependence of the logarithm of the 
creep rate on the composition of the Al-Mg alloys 
at a stress of 2 kg/mm? and the temperatures: 


1 - 150; 2 200; 3 - 250; 4 - 300; 5- 350°C. 


log, 
% time, hr 
-f 


“YOR? 710 220 
Mg % 


Fig.5. The dependence of the logarithm of the 
creep rate on the composition of the Al-Mg alloys 
at a stress of 0.3 kg/mm? and the temperatures: 

1 - 250; 2 - 300; 23 - 350; 4 - 400°C. 


within the grains. Apart from this in the 
alloys the diffusion controlled plastic 
deformation can occur hy means of different 
kinds of diffusion processes, for example, 
“uphill” diffusion, a change in the structure 
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of an alloy the structure of which is 
becoming ordered, the dispersion of a solid 
solution etc, 

Almost al] these diffusion processes can 
be accompanied by the appearance of a non- 
uniform distribution of atoms over the 
volume of the solid solution. In its turn 
the non-uniformity which arises in the 
distribution of the concentration of the 
solid solution will have a definite effect 
on the plastic flow, the relaxation and the 
recrystallization of the alloy. 

As the experiments [9] show, alloying Al 
with Mg brings about an increase in strength 
in the solid solution for the shear mechanism 
of plastic flow. At normal rates of defor- 
mation on increasing the Mg content a rise in 
the yield point and the tensile stre@megth is 
observed. This increase in stremgth is 
preserved up to quite high temperatures. In 
agreement with microscopic investigations, 
on deforming the alloys there appears inside 
the grains a considerably larger number of 
slip lines than in pure Al which points to a 
more complete inclusion of the whole volume 
of the crystallites in the process of shear 
deformation. Also an abrupt strengthening 
of the grain boundaries is observed [iO]. 
Even with a Mg content of about 0.1% the 
shear along the grain boundaries is approxi- 
mately four times smaller than for pure Al 
under the same conditions for deformation. 

Research, which we carried out earlier 
{11], on stress relaxation in Al-Mg alloys 
lead to the conclusion that under the 
influence of the stresses in these alloys 
diffusion processes proceed which are linked 
with the redistribution of the Mg atoms over 
the volume of the solid solution, ; 

Considering the properties of the solid 
solutions of Al with Mg mentioned above, it 
is possible, apparently, to explain more 
correctly the behaviour of the alloys for 
creep, with the variation of the deforming 
stresses and the temperature, in terms of 
the different degree of participation of the 
shear and diffusion mechanisms of deforma- 
tion. 

At high stresses, that is for fast rates 
of deformation and relatively low temperatures 
the shear mechanism of plastic deformation is 


mainly controlling and alloys rich in 
manganese with a high value for the yield 
point are the strongest, 

For low effective stresses, that is slow 
rates of deformation the main role is played 
by the diffusion processes from which 
apparently the decisive one in the movement 
of Mg under the effect of the stresses, The 
higher the Mg concentration then to a greater 
degree can the diffusion of Mg atoms proceed 
and on account of this the diffusive plastic 
deformation can be further developed. 


CONCLUSIONS 


1. AS a result of alloying Al with Mg the 
largest increase in the strength of the 
alloys is observed for the shear mechanism 
of plastic deformation, 

2. At low rates of deformation and relatively 
high temperatures the effect of strengthening 
the alloys is considerably reduced, 
apparently, on account of the development of 
diffusiye plastic deformation linked with 
diffusion of magnesium atoms under the 
influence of thermal] movement and the applied 
deforming stresses, 


Translated by J.H. Dempster 
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ON THE PROBLEM OF THE NATURE OF THE 
DOUBLE YIELD POINT* 


Ia.R. RAUZIN and A.N. MIRZA 


The All-Union Scientific Railway Research Institute 


(Received 11 April 1957) 


The most convincing hypothesis explaining 
the presence of the double yield point on 
the stress-strain curve, until] the present 
time, is the so called brittle skeleton 
hypothesis [1-3]. When applied to commercial 
iron and iron-carbon alloys this hypothesis, 
called in similar cases the tertiary cemen- 
tite hypothesis, gives the following 
explanation for the double yield point, 

The tertiary cementite forms a hard and 
brittle framework within which the plastic 
mass of the ferrite grains is situated, 
Deformation of the ferrite can begin only 
when the stronger and more brittle framework 
is broken. In order to overcome it, it is 
necessary to apply a larger force to start 
the flow than is required for the yield of 
the iron itself. As soon as the brittle 
framework is broken the ferrite receives the 
rest of the deformation which corresponds 
to that high degree of stress which was 
created for destroying the brittle shell. 

Many observations agree well with the 
theory mentioned. However a series of 
observations cannot be explained from the 
hypothesis of this point of view which makes 
one doubt its validity. 

Thus, for example, by raising the 
temperature of tensile testing the breadth of 
the double yield point is reduced and at 
250-350°C disappears altogether. This 
phenomenon cannot be explained by the 
disappearance of the tertiary cementite 
framework since it is known that the 
solubility of carbon in iron at these 
temperatures is negligible. 

The second very important observation which 
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cannot be explained from the point of view 
of the brittle structure theory is the 
following. On repeated loading of a strained 
(within the double yield point region) low 
carbon stee] the double yield point is 
absent. However if after the first defor- 
mation a long time elapses or the deformed 
sample is heated up to 100-120°, then on 
repeated deformation the double yield point 
appears again, 

The appearance of the new double yield 
point cannot be explained by the formation 
of a new strong cementite lattice in so far 
as the temperatures for annealing or ageing 
the samples are very low. It is completely 
improbable that a cementite lattice is 
formed here secondarily, since all the carbon 
in solution is already distributed in the 
process of the preliminary cooling from the 
eutectoid temperature, [2]. 

The presence of a series of observations 
which do not fit in to the framework of the 
brittle structure hypothesis and a large 
quantity of observations which indirectly 
confirm this hypothesis, have not so far 
allowed its absolute validity to be shown 
according to the indirect indications, One 
could speak much more authoritatively if one 
succeeded in establishing by direct experi- 
ment first of all the presence of the 
tertiary cementite shell around the iron or 
steel grains, and then the connexion between 
the shell and the presence of the double 
yield point, Modern methods of analysis, in 
particular the electron microscope, permit 
this to be done, 

Really, in order that the strength of the 
cementite structure can even hy measured with 
the yield point of the boundary layers of 
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iron, it is necessary for the thickness of 
the cementite layer to be equal to not less 
than 100-200 atomic layers of cementite, For 
a value of the cementite parameter of 6.6 x 
107° cm. it was necessary to use a magnifi- 
cation of the order 6,000-8,000 times in 
order for the layer to be sufficiently well 
seen, that is, so that it had a thickness of 
not less than 0.5-1.0 mm, Therefore obser- 
vation in an electron microscope with a 
magnification of more than 6000 times can 
give data in answer to the question of 
whether there is a cementite structure in 
iron, in those cases, when on extending the 
latter a distinct double yield point is found. 
Certain isolated experiments were made earlier 
in this direction [4,5]. They increased the 
doubt in the existence of a cementite struc- 
ture, 

Below, materia] is given of a wider re- 
search, using an electron microscope, into 
the question of the presence of a cementite 
structure in commercially pure iron. A 
comparison of the variation in the micro- 
scope photograph with the variation in the 
double yield point was made for different 
ways of working the iron, which permitted one 
to obtain a different course for the diagrams 
of the extension. 

The iron studied had the composition: 0.04% 
C; 0.07% Mn; 0.13% Si; 0.012% S; 0.036% P; 
0. 12% Cu. 

The following methods of preparation of the 
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TABLE 1 
The characteristics of the stress-strain graphs for the samples 


iron were used: 
1. The initial state. 
Normalizing from 900° in air, 
size 0.06 mm, 

2. Triple anneal at 710°. Cool at the rate 
of 40°/hr. Grain size 0,07 mm 
3. Qiench from 550° in water, 
0. 06 mm, 

4. Quench from 900° in water, Grain size 
0.06 mm, 

5. Qiench from 900° in water, anneal at 500° 
Grain size 0.06 mm, 

6. Heat to 1180°, hold for 3 hr, slow cool 
(40° /hr). Grain size 0.40 mn, 

The methods of preparation are given here 
which should create the minimum (methods 3 and 
4) and the increased (methods 2 and &@) 
quantity of tertiary cementite. Apart from 
this the photomicrographs and the graphs for 
the extension are compared after quenching 
(method 4) and after quenching and annealing 
(method 5). 


Hot rolling. 
Initial grain 


Grain size 


The stress-strain diagrams after various 


Fig. 1. 
heat treatments. The number of each graph 


corresponds to the number of the treatment. 


The kind of 
treatment 


The method of treatment 


The expected The distance 


Initial composition 
Triple anneal at 710°C 
Quench from 550°C 
Quench from 900°C 


w 


Anneal at 1180°C (slow cool) .. 


Quench from 900°C, anneal from 500°C .. 


quantity of The grain between the 

free size, mm double yield 
cementite points, % 

average 0.06 2.8 
maximum 0.07 2.3 
small 0. 06 0.4 
minimum 0. 06 None 
small 0. 06 1.40 
maximum 0. 40 None 


= 
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In the sixth method of preparation slow 
cooling was used as a result of which a 
coarse grain was combined with the maximum 
quantity of the distributed cementite. 

Flat samples 4 x 6 mm) prepared according 
to the above mentioned methods were cleaned, 
polished and tensile tested on a Gagerin 
press. Graphs of the extension obtained by 
this (in Fig. 1 each graph refers to the 
corresponding method of working) are compared 
with a study of the microscope photograph 
from the electron microscope with a magni- 
fication of 9000-10,000 times* (see Table 1). 

In Table 1 the contradictions, which are 
described above, of the tertiary cementite 
theory are expressed, For certain treatments 
there is a direct connexion between the 
distance between the double yield points and 
the quantity of cementite, which can be 
assumed from the equilibrium diagram for the 
Fe-C alloys. In the other cases between 
these factors there is a definite disparity 
(1 and 2; 2 and 6 and the other methods of 
treatment). 

Microscopic and electron microscopic 
research showed the following picture. 

The majority of the ferrite grains are 
bordered by boundaries, visible at a 
magnification of 1000 times, etched in one 
case, in the form of a double white strip 
and in the other — in the form of a darker 
complete strip, wnresolved into separate 
lines. 

On etching with sodium picrate the grain 
boundaries, which were outlined with a 
double strip (Fig. 2a), as a rule, disappear. 
The darker parts of the grain appear in the 
form of the black cementite outlines of the 
fractured lattice (Fig, 2b). Pearlite, as 
would be expected, etches in the form of 
intermittent light and dark plates, 

Qn examination under an electron microscope 
(X 9000) for all the treatments a wide band 
bordering the ferrite grains passes between 


* For photographing the work hardened layer the 
samples were subjected 3-5 etches with a little 
intermediate polishing. The method of Calland 
impressions shaded with a thin layer of chromium 
is used for studying the structure under the 
electron microscope, 


the grains, The band mentioned is widest in 


annealed iron (see Fig. 3). However it also 


occurs in the other treatments and partially 
even on water quenching from 900° with only 
this difference, that in the last case it is 
considerably narrower (Fig. 4). Apart from 
this, in samples subjected to multiple 
annealing, along parts of the grain boun- 
daries there are large accumulations of 
cementite. Similar accumulations of cemen- 
tite occur in the initial samples and eve 
in samples quenched from 550°C where the 
boundary zone does not differ from the 
initial iron either in the width of the 
transverse bands or the accumulations of 
cementite. (Fig. 5). 

Around the separate grains of samples 
quenched from 900°C the boundary band almost 
completely disappears leaving only a narrow 
trace in the form of a thin hollow between 
the grains (Fig. 6). After annealing these 


Fig.2. The microstructure of armco-iron: 
a - after normal etching (4% solution of HNO3), 
b - after etching with sodium picrate; 

X800. 
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Fig.3. The microstructure of armco-iron after 
a triple anneal at 710°C; X8000. 


Pig.4. The same as on Fig. 3 after water 
quenching from 900°C; 8000. 


Fig.5. An accumulation of cementite in iron, 
water quenched from 550°C; xX8000. 


samples the character of the intergranular 
transitional zones is preserved in almost 
the same way as it was after quenching with 
only this difference, that the boundaries 
thickened a little and in them, separate 
broken up inclusions of cementite, of the 
round type, appeared. (Fig. 7). 

The intergranular transitional zones in the 
coarse grained metal, obtained hy means of 
annealing from 1180°C (the sixth method of 
treatment), are the same as in the initial 
fine grained metal, They are a little less 
wide than the transitional zones of the metal 
which has been annealed many times. Separate 
accumulations of cementite also occur here, 

In analysing the observations described the 
following can be said. 

On the boundaries of the ferrite grains 
there is a zone bordering them which, judging 
by its appearance and by the calculation 
carried out by Gardin [5], is not an 
accumilation of cementite. It is obvious 
that this is a transitional] zone with atoms 
displaced relative to their equilibrium 
positions under the influence of the field of 
force of the adjacent variously orientated 
grains, and with an increased number of 
vacancies, According to Arkharov’s hypothesis 
[6] these zones contain an increased quantity 
of dissolved elements, including carbon, 

This confirms the considerable reduction in 
their width with a rapid water quench from 
900°C, 

The presence of the double yield point is 
not linked with the existence of an observable 
brittle carbide structure which as this 
research shows is on the whole absent, On 
annealing, free carbides exist in the form of 
massive accumulations (see Fig. 5) or, on 
normalizing, in the form of fine broken up 
depositions (see Fig. 7). 

There is no direct relation between the 
double yield point and the size of the 
transitional zone, Thus after the second 
kind of treatment (the multiple anneal) the 
the transitional zone is wider and the breadth 
of the double yield point is no larger than in 
the initial metal, After quenching from 550°C 
the transitional zone does not differ from 
that for the initial samples while the 
distance between the yield points is sharply 
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reduced (see Table 1) and in certain cases 
disappears entirely. 


Fig.6. A view of the grain boundaries in iron, 
water quenched from 900°C; 8000. 


An accumulation of cementite separating 
X10, 000. 


Fig. 7. 
on annealing quenched armco-iron; 


Only in the case of quenching from 900°C 
is the distance between the yield points 
reduced parallel] to the sharp reduction in 


the width of the transitional zone, However 
on annealing at 500°C the transitional zone 
increases slightly while the breadth of the 
double yield point reaches a significant 
size (1.4%). 

Finally in the coarse grained metal where 
the transitional zone is approximately the 
same as in the initial fine grained metal 
the distance between the yield points is 
completely absent but in the initial metal 
it has a very large value, The transitional 
zone itself is not identical even in one and 
the same sample, Between the separate grains 


it achieves a size almost equal to 10 m 
which at a magnification of 9000 times 
corresponds to about 1.0y%. In other 
grains the boundary layer consists of only 
1.0-2.0 mm or 0.1-0.2 It must be 
assumed that such a difference is governed 
by the degree of random orientation of the 
adjacent grains. The diminution of the 
transitional layer on quenching from 900°C is 
obviously brought about hy the more uniform 
distribution of the carbon and the other 
elements within the grain and, correspon- 
dingly, by the reduction of the amount of 
them fn the transitional layer. 

The authors thank Prof, N.P. Shchapov for’ 
his valuable advice and the discussion of 
the work, 


CONCLUSIONS 


1. In the intergranular transitional 

layer of commercially pure iron the shell of 
tertiary cementite round the grain is not 
found. Al] the cementite is distributed 
chiefly along the grain boundaries but in 
the form of separate massive accumulations 
or fine broken up precipitates, In connexion 
with this the presence of cementite cannot 
be the cause of the appearance of a double 
yield point, 

2. The electron microscope picture of the 
structure of the grain boundaries of the 
iron agrees well with the suggestion about 
the transitional layer and also with a zone 
with the displaced atomic distribution, with 
a large number of vacancies and with an 
increased number of atoms of the dissolved 
subs tances, 

3, The distance between the double yield 
points is not simply related to the width of 
the transitional intergranular layer, 

4. The double yield point, as a rule, 
occurs in iron subjected to a softening 
treatment (annealing, multiple annealing or 
stress relieving). On the other hand, on 
quenching, the distance between the double 
yield points is sharply reduced or disappears 
entirely, 

5. In coarse grained iron the intergranular 
transitional] layer does not differ from the 
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transitional layer of fine grained iron, 
including also the absence of a cementite 
shel] around the grain, For this the double 
yield point is not observed independent of 
the cooling rate. 


Translated by J.H. Dempster 
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DETERMINATION OF MECHANICAL PROPERTIES OF STEEL 
BY QUANTITATIVE METALLOGRAPHIC METHODS* 


N.N. LIULICHEVA 
Kharkov Aviation Institute 
(Received 15 April 1957) 


In tempered and annealed relaxed steels the mechanical properties depend on the extent of 
dispersion of the two-phase structure, consisting of ferrite and grains of cementite, Up to 
now several attempts have been made to relate the mechanical properties to the quantitative 
dimensional characteristics of the structure. Depending on which elements of structure are 
taken as dispersion characteristics, existing methods of determination of the connexion 
between structure and mechanical properties may be broken down into the following three 
groups: 

1. The connexion between mechanical properties of geometrical elements of the plastic phase, 
For example, a linear relation was established by Moroz [1] between the logarithm of the. 
yield point and the logarithm of the average quantity of ferrite, free from hardening grains, 
and a linear relation was found by Gensamer [2] between the stress at a constant strain of 20% 
and the logarithm of the mean free path through the ferrite. 

2. The connexion between the mechanical properties and the area of hard phase, established 

by Bokshtein [3], Saltykov [4; 5] and Ger [6]. 

3. The connexion between the mechanical properties and the structure considering both the 
properties of the plastic phase and also the quantity and dispersion of the hard phase [7]. 

The present investigation was carried out with the aim of establishing connexions between 
the mechanical properties of steels under tension and the quantitative characteristics of the 
grain structure in a possibly wider range of their variation, and also the aim of accumulating 
experimental data in the sphere of quantitative metallography. 


MATERIAL AND PROCEDURE OF INVESTIGATION 


Carbon steels of types 25, 35, U7, U8 and U10 were submitted to investigation; the carbon 
contents were, in the same order, 0.31, 0.38, 0.68, 0.78 and 1,06 per cent, 

For studying the influence of carbide forming and non-carbide forming elements on the 
quantitative characteristics of the structure steels 45 G2 (0.41%C and 1.7% Mn) and 60 S2 
(0.6%C, 1.65% Si) were selected. Grain structures of different dispersion were obtained by 
means of varying the temperature of annealing from 450 to 700°C and the duration from 2 to 50 
hr. 

The study of the microstructure was performed by means of photographs taken with optical (x 
1200) and with electron (x 4500) microscopes. The number of carbide particles n on 1 mm? of 
the surface was determined by direct computation hy means of microphotographs. The amount of 
ferrite Vo, not occupied by hardening particles, was calculated by the formula [ji] 


(1) 


wiere c is the carbon content of the steel and on the number of particles in 1 mm?, The 
specific surface of separation of the phases 2S and the specific length of grain boundaries 
QF? were calculated vy the formulae [4] 
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=2m 


where m is the mean number of intersections in 1 mm? of random secants, The mean path 
through the ferrite was calculated by the formula [9] 


2 % V,. 
m ( 100 (4) 
where 2 is the distance between centres of carbide particles and i the amount of carbide 
phase determined hy the method of Glagolev [4] 
As a basic mechanical] characteristic, related with structure, the yield point was taken, in 
so far as it had the most practical significance, 


RESULTS OF EXPERIMENTS 


1. Establishment of the relation between yield point and quantitative structural characteris- 
tics of carbon steels. 

In Table 1 are set out the annealing procedure, some limiting values of mechanical 
characteristics and basic results of the calculation of the structural parameters, 

For testing the limits of applicability of the hypotheses expressed in [i-4, 7] graphs were 
constructed of the dependence of the yield stress with the corresponding structura] charac- 
teristics (Figs. 1-3). Statistical methods were employed in establishing the linear equation 
giving the highest correlation with the experimental data, The straight lines plotted on the 
graphs correspond to the equations (5) to (10) in Table 2. 

From the graphs of Figs. 1-3 and Table 2 it follows that a general dependence of the yield 
point of all carbon steels in any structural characteristic, Vg, 2 Sor lL, does not exist. 

The straight line b on Fig, 1, obtained by the equation of Moroz, corresponds only to steels 
U7 and U8 in a narrow range of dispersions, For the same amount of ferrite low carbon steels 
have lower strengths than high carbon steels, Such a “stratification” of values of the 
yield point according to carbon content is displayed in Figs. 2 and 3. The completely 
identical mean deviation errors obtained for the o,- 2S and co, - log L relationships show 
that the last are mathematically identical to each other. In fact 2S and L are inversely 
proportional, as follows from comparison of formulae (2) and (4). It is seen from Table 2 
that specially large deviations exist in the region of highly disperse structures, investi- 
gated with the electron microscope. This is explained by the fact that the empirical rela- 
tionships suggested by the authors of papers [1-4], like any empirical relations, are found 
to be valid only in the region in which they were deduced, and cannot be automatically 
extended to a wider range of studied magnitudes, 

All the relationships examined above reflect only the influence of the geometrical] factors in 
the structure, Pashkov [7] for the first time made an attempt to take into account the 
properties of the layer situated at the phase boundary - the “arrested” layer, The yield 
point of a two-phase structure, consisting of hard and soft phases, is directly proportional 
to the yield point of the soft phase and inversely proportional to its quantity, 


(11) 


This equation is deduced from the hypothesis that the carbides and the adjacent arrested 
layer of ferrite are not strained, as their strength is significantly higher than that of the 
ferrite. The values of the yield point, calculated by us according to the formula of Pashkov, 
differs from the experimental values by 3.4 kg/mm? (7. 45%) in calculations based on optical 
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TABLE 1 


Heat-treatment procedure, mechanical properties and quantitative 
structural characteristics ofsteels 45 G2, 60 S2 and carbon steels 


Length Specific Observed 
Annealing annealin Yield Ultimate |Number of|Amount of|surface of|Mean free} gmount 
ure kg/mm*| kg/mm nm phase rou hase** 
hours R 1 2S mm-1 ferrite V 


700 5. 4€ 
1440 
2890 
38 50 
700 
1354 
3500 
5320 
800 
1240 
2880 
4270 
5470 
1240 
5400 
&940 
1340 
2700 
4115 
5980 
830 
1560 
83.0 2150 
96.5 33.75 ‘ 4780 
111.0 65. 00 ‘ 8150 


48. 
52. 
€4. 
70. 
45. 


680 10 30. 
650 10 36. 
500 10 45. 
450 50 50. 
680 50 28. 
680 34. 
600 49, 
450 55. 
680 31. 
700 38. 
600 61. 
510 78. 
465 92. 
Y10* 700 39. 
Y10 550 71. 
Y10 450 92. 
45G2* 650 48. 
4562 55. 
45G2 62. 
45G2 75. 
53. 
60C2* 57. 
60C2 66. 
60C2 80. 
60C2 500 97. 


AS 


0. 
0. 
2. 
1. 
0. 
0. 
4. 
2. 
i. 
0. 
0. 
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micrographs and hy 21.7 kg/mm? (34.2%) in calculations based on electron micrographs, The 
especially large divergence between the calculated and experimental figures for highly 
disperse structures is explained by the fact that in formula (11) the amount of carbide phase 
is taken as identical for all annealing temperatures, and the amount of ferrite is determined 
hy the difference, while at annealing temperatures of 450 -500°C the carbide formed occupies 
a space up to 4 to 5 times larger than the theoretical and is reduced at higher annealing 
temperatures [10]. Such a phenomenon may be explained by assuming that the carbide formed 
consists of a submicroscopic conglomerate of carbide particles and a- solution, cohering 
together and behaving as one whole during etching of the sections and during plastic 
deformation of the steel. 

The submicroscopic particles can have either a hexagonal structure at low annealing and a 
cementite structure at annealing temperatures above 350°C [18] or the cementite structure at 
al] annealing temperatures [12]. In the light of such a suggestion about the carbide formed, 


* These specimens were examined with an optical microscope, the others with an electron microscope. 
** Theoretical calculation of the amount of carbide phase gives for steel 25, 4.8%, for steel 35, 5.85%, 
for steel U7, 10.6%, for steel U10, 16.3%, for steel 4542, 6.3% and for steel 6002, 9.25%. 
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TARLE 2 
Forms of dependence of yield point on quantitative structural characteristics 


Mean 
Coefficient d 
Quantitative oefficien calculate 
Method of Correlation equation from 


structural 0 
characteristics investigation correlation 
values. 


kg/mm 


Optical log ¢, = 0.91 — O.1GtogV (5) 4.55 


Amount of 
free ferrite 


Electron 
microscope log == ().126 — (6) ‘ 11.3 


Optical 15.5 0.016% S (7) 
Specific phase- 


separation surface 
microscope = 32.2 + 0.076 ¥ S (8) 


Length of mean Optical > = 255.9 —48.610gl (9) 


free path through a" 
ectron 4 
ferrite microscope 364.1 — 76, 5logl (10) 


it is easy to explain the presence of two solid solutions of equal concentration, discovered 
ty Kudriomov and Lysak [11]; one solution enters into the composition of the carbide 
formation, the other a-solution is free. With increasing annealing temperature the quantity 
of free @-solution increases. In discussing the problem of strength, it is possible to 
assume that the free a-solution in comparison even with “diluted” carbides is incomparably 
the more plastic, and therefore it is possible to ignore deformation of the carbide con- 


stituent, 
In the present work an attempt was made to take into account the lack of constancy of the 
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Fig. 1. Dependence of the logarithm of the yield point on the logarithm of the amount of ferrite. 


(a) optical microphotographs, eqn. 5. (b) electron microphotographs, eqn. 6. 
(c) correlation equation of Moroz [i]. 
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Fig. 3. Dependence of the yield point on the logarithm of the free path through the ferrite 
(a) optical microphotographs, eqn. 9. (b) electron microphotographs, eqn. 10. 


quantity of carbide constituent. Using formula (11) and assuming the quantity of plastic 
phase equal to 


we obtain the following formula 


= ’ 


_. yp (13) 


where o, is the yield point of ferrite and e€ the thickness of the arrested layer. os yield 
point of the soft phase with the stated assumption was taken as identical (25 kg/mm? ) for all 
carbon content of the a-solution is identical and almost at the equilibrium figure [8]. fhe 
thickness of the arrested layer was determined originally by inverse calculation according to 
_— (13). It was shown that it depended on the anneal ing es (Fig. 4) as well as 

S 

Since it is not possible to decide the annealing oilctintews by the microstructure, a graph of 
€ against 2'S (Fig. 5) was constructed for the determination of €; this was used also for 
the determination of the yield point by means of the microstructure, The application of 
equation (13) permits the taking into account of the actual quantity of carbide formation and 
its dispersion, as the increase in the latter increases the area of arrested layer, Calcula- 
tion according to equation (13) guarantees the accuracy of the determination of the yield 
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point with an absolute mean deviation of 1,3 kg/mm? (3.1%) for structures investigated using 
the optical microscope, and 2.7 kg/mm? (4,85%) for specimens whose structure had a dispersion 


resolved by the electron microscope, 


2, Calculation of the yiela point of alloy steels. 
The alloying elements harden ferrite, alter the dispersion and amount of carbide formation 
[9] and influence the nature of the structure of the arrested layer. The hardening of ferrite 
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Fig. 4. Influence of annealing Fig. 5. Dependence of the thickness 
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S 


by manganese and silicon was considered in the following manner, According to the data of 
Bokshtein, when ferrite containing 0.9% Mn is annealed from a temperature of higher than 
500°C, it has a yield point of 31 kg/mm? [[3). For the ferrite in steel 60 S2 according to 
the same data the yield point is 35 kg/mm?, The magnitude of the surface of separation of 
the phases in both the Mn and the Si steels are larger than in the carbon steels; in steel 
45 G2 because of the increase in the quantity of carbide phase [9, 10] and in steel 60 S2 
because of the increase in the number of carbide grains [9]. In steels 60 S2 the dispersion 
of the carbide grains is higher than in the carbon steels; at 500°C and 25 hr duration, the 
mean area of a single carbide particle on the section is 1.45 x 10°’ mm? in a carbon steel 
and 5.3 x 107° mm* in steel] 60 S2, i.e. almost three times smaller, 

The increase in the surface of separation of the phases or of the amount of carbide phase 
when alloying additions of Si or Vn are present leads to hardening of the steel. 

The thickness € of the arrested layer was determined as for the carbon steels, The curves 
of Fig. 5 show that tn the Mn steel] the value of € is slightly smaller, and in the Si steel 
somewhat higher, than in the carbon steels, especially for high annealing temperatures, 

It is known that during annealing below 500°C in the presence of a coherent bond between 
the ferrite and carbide stresses exist which depend not on the carbide content but also on 
the temperature of annealing [14]. On further heating the stresses do not exist in the same 
mass of ferrite [12, 15]. It is natural to suggest that on the ferrite-carbide boundary such 
stresses will remain, on account of the non-correspondence of the lattices of a-phase and 
carbide, These stresses should not depend on the carbon content, as the latter, in ferrite, 
is identical in all steels and at the annealing temperatures studied [8] does not exceed 0,01- 
0.02%. The thickness of the arrested metastable layer, conditioned by thedegree of stress 
on the phase separation boundary, will increase with increasing dimensions of the grains of 
a-phase, which occurs with increase of temperature [15). On the other hand, the principle of 
dimensional and structural correspondence is satisfied if the the (121) plane of martensite is 
coupled with the (001) plane of cementite, In such coupling the direction of the a axis of 
cementite coincides with the diagonal of the face of the a-lattice, and the direction of the 
b axis of cementite coincides with the diagonal of the cube of the ‘a-lattice, However, the 
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parameter of cementite a is 4. 514A and the diagonal of the face of the a-lattice is 4, 046A 
i.e. about 10 per cent smaller; the 6 parameter of cementite is5.079A but the diagonal of 
the cube of a-lattice is equal to 4.955A i.e. 2 per cent smaller, On the ferrite-carbide 
boundary there must arise compression of the carbide lattice or extension of the ferrite 
lattice. Therefore it is to be expected that the value of the parameter of the a-phase in 
the presence of iin leads to a reduction of stress at the phase separation boundary and 
consequently to a reduction in the thickness of the arrested layer. The reduction in the 
parameter of the a-phase in the presence of Si leads to an increase in the stress and in the 
thickness € of the layer. The values of € obtained by means of calculating back from equation 
(13) are of the same order as that of the phase separation boundary and the intercrystalline 
layer which amount to a few thousand interatomic distances, i.e. 107 mm for ferrites. 

Calculation by the proposed equation (13) showed that the mean absolute divergence of the 
calculated values from the experimental for the yield point was 1.2 kg/mm? (1.9%) for the 
silicon steel and 1.25 kg/mm? (2%) for the manganese steels. 

Equation (13) can be employed with equal success for steels with little alloying addition, 
if it is possible to take into account of yield point of the soft phase, ay application of 
equation (13) is revealed the requirement of non-deformability of the hard phase, In cases 
where the amount of carbide formation occupies #0-80 per cent, i.e, where the carbides are 
strongly “diluted” by iron, their hardness differs less from the hardness of the alpha-phase, 
and calculation by means of equation (13) does not give satisfactory results, 


3. Determination of same other mechanical characteristics. 

Equation (13) shows the presence of a linear ——— of the yield point a, on the 
magnitude of the reciprocal of the area of soft phase ‘ty, . A similar relationship is 
observed for the conventional tensile strength op and the true ultimate strength C ps 


Statistical treatment of the experimental data obtained for all the carbon steels led to the 
following linear correlation equations between the statistical mechanical characteristics o 


Op and and the quantity 


0, = — 3.86 + 26.65 — (14) 


| 
p= 24.3 +22.10--, (15) 


30.1 + 23.70 — (16) 


The calculated correlation coefficients are equal, respectively, to 0.97, 0.93 and 0.94, 
The influence of the area of soft phase on the yield point and true ultimate strength of the 
carbon and alloy steels is represented in Fig, 6, The values of the conventional tensile 
strength op are set out in Table 1, If b, is put equal to unity, it is possible to determine 
the ogee point of the orci this in steels 45 G2 and60 S2, is respectively 31 and 36 
kg/mm? (cf, 31 and 35 kg/mm? according to the data of Delle), The ultimate strength of 
alloyed ferrite in the same steels when b, = 1 amounts to 44 and 53 kg/mm?, (Delle’s data for 
the corresponding concentrations of Mn and Si are 42 and 50 kg/mm?), 

Thus for all the strength characteristics examined the relationship 


(17) 
bo 
holds good, where ais the o,, Tp Or Gp value of the steel and oO. is the a, Gp OF Gp’ 
value of the ferrite in the steel, 
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Fig. 6. Dependence of the yield point and true ultimate strength on 
the reciprocal of the area of soft phase. 


CONCLUSIONS 


1. In. the annealing temperature range 450-700°C, possessing practical significance in heat 
treatment for improvement of structure, a correlative relation exists between the quantitative 
dimensional characteristics of the structure and the hardness characteristics of the steel. 
2. An empirical equation is suggested for the determination of the yield point in grain 
structures, giving high correlation (0.97) over a wide range of annealing temperatures and 
holding good both for carbon steels with carbon contents between 0,3 to 1.06 per cent, and for 
the alloy steels 45 G2 and 60 S2., 
3. The existence of a linear dependence is established of the true and conventional ultimate 
strengths on the value of the reciprocal of the specific area of the soft phase, 
4, It is shown that the influence of Si and Mn on the mechanical properties of steels in the 
improved condition is linked with the variation of the quantitative dimensional characteris- 
tics of the structural elements, the properties of the soft phase, and the nature of the 
phase separation boundary under the influence of these elements. 

Wide application of quantitative metallographic methods will be found useful in the 
evolution of a general theory of alloying and will assist an informed approach to the selec- 
tion of new alloys. 


Translatea by W.D, Davis 
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A series of papers have appeared in recent 
years devoted to the study of the shear 
modulus and intemal] friction of metals and 
alloys. The investigations of Ke [1-5], 
Novik [6, 7], Finkel’shtein (8, 9] and 
Postnikov [10, 11] present great interest. 

We have studied the dependence on tempera- 
ture of the shear modulus and intemal 
friction of nickel-molybdenum alloys and also 
of nickel-chromium with additions of titanium 
and aluminium, 

The torsional oscillation method was 
employed in this work, The difference 
between our procedure and that noted by other 
investigators [8-10] consisted in the use of 
an electronic counter for the determination 
of the period of torsional oscillatio. the 
measurements were carried out in the follow- 
ing manner (Fig, 1). 


b 
e Quartz 


h 
Generator 
i 


Starting Clectronic. Photocel I? 
Scheme counter | 


Photoceli Lamp 


Specimen 


Specimen 


Fig. 1. Block diagram of the apparatus 
(a) For the determination of torsional oscillation 
(b) For the determination of damping decrement 


A beam of light from a lamp was passed 
through a narrow slit onto a mirror, from 
which it was reflected onto a screen which 
covered a photocell. By the passage of the 
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light beam through the slit in the screen, 
& voltage was impressed on the triggering 
device, which was adjusted so that the time 
of its action was equal to four periods of 
torsional oscillation, During this time the 
electronic counter registered the number of 
vibrations of a quartz generator operating 
at a frequency of 2.5 kilohertz. This made 
it possible to determine the period of 
torsional oscillation with an accuracy of a 
tenth part of a millisecond. 

For the determination of the absolute value 
of the shear modulus the period of oscil- 
lation of the system was measured for two 
different values of the moment of inertia, 
corresponding to two different positions of 
the load on the torsional pivot. The value 
of the modulus was calculated by the formula 


(1) 


where m is the mass of the load situated on 
the torsional] fulcrum, l the length of the 
specimen, d the diameter of the specimen, 
ry the distance by which the load was removed 
from the axis of rotation, T; the period of 
oscillation of the system, corresponding to 
Py To the distance of the loads from the 
axis of rotation, and T, the period of oscil- 
lation of the system corresponding to r,. 

As a measure of the internal friction the 
following value was used 


(2) 


where 8 is the logarithm of the damping 
decrement, 

In its final form the calculated formula 
has the fom 
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where 7 is the period of torsional oscilla- 
tion and 7 the time during which the ampli- 
tude of the oscillation decreases by half, 

For finding T the photocell was closed by 
the shutter, on which was placed a mark of 
the nul] position of the beam and two slits 
disposed so that the distance from the null 
mark to the second slit was divided in two 
by the first slit, The impulse from the 
photocell was passed to the scan of an 
oscillograph. The first slit was closed 
until the moment of disappearance of the 
signal on the oscillograph screen. The time 
of existence of the impulse on the screen 
during the opening of the first slit corres- 
ponded to the quantity sought. 

Knowing the period of oscillation of the 
system at a given temperature and the period 
of oscillation of the same system at room 
temperature, it is possible to calculate the 
relative value of the shear modulus by the 
formula 


(3) 


where N, is the value of the modulus of 
elasticity at the given temperature, Noo the 
value of the modulus at 20°C, T, the period 
of torsional oscillation of the system at the 
given temperature and T30 the period of 
torsional oscillation at 20°C, 

Using the relation shown, and also the 
values of the shear modulus found at room 
temperature, the moduli of Ni alloys were 


Temperature of the shear modulus 


calculated at different temperatures. 


Experimenta] Ni-Mo alloys and also Ni-Cr- 
Ti and Ni-Cr-Al were prepared by melting in 
a high frequency furnace in an argon atmos- 
phere, The quality of the starting materials 
used were; Ni (99.99%), Mo (99.93%), Al 
(99.95%), Ti (99.6%) and Cr (98, 5%). 

An ingot weighing 500 g. was cast from 
each alloy. The ingots were forged into 
cylindrical rods of 8 mm dia, The rods were 
then drawn into wire 0.8 mm in dia, 

The chemical composition of the Ni alloys 
investigation is given in Table l. 

For the determination of the shear modulus 
and internal friction wire specimens were 
prepared of 0.8 mm dia, and about 330 mm 
long, All measurements were carried out in 
vacuo, Alloys were studied in the annealed 
condition, For heat treatment the specimens 
were sealed into a silica tube which was 
evacuated to 107? mmkg vacuum, 

Ni-Mo alloys were subjected to the follow- 
ing annealing treatment; specimens were 
heated to 1200°C and held at this temperature 
for 48 hr. Ni-Cr alloys with additions of 
Ti or Al were given a heat treatment at 900° 
for 5 hr and cooled in air, 

The shear modulus and internal friction of 
each of the alloys investigated was deter- 
mined on two alloys; the period of tor- 
sional oscillation was measured 5 times in 
the temperature range studied, 


RESULTS OBTAINED AND THEIR DISCUSSION 


The results of the investigation of the 
temperature dependence of the shear modulus 


TABLE 1 


Chemical] composition of nickel alloys investigated 


Alloy 


Content of elements, weight % 


No, 


Mo Cr 


Ti Al Ni 


Remainder 


111 
=0,2206— , 
VOL. 
1959 
- 
20 
| 
| 
2 9. 85 - 
3 14. 90 
4 - 19.78 
5 - 19.58 


112 Temperature of the shear modulus 


and the internal friction are represented by 
Figs, 2 and 3. The upper limit of the 
temperature range of measurements was 
determined by strong damping of the oscil- 
lation; when this set in exact measurement 
of the shear modulus was not achieved, 

With increasing concentration of Mo in the 
alloys the absolute value of the shear modulus 
increases, and a very high value is achieved 
over the entire temperature range studied 
(Fig. 2). The change in the shear modulus 
of the Ni-Mo alloys in the region of average 
temperatures is practically linear, but at 
higher temperatures an accelerated lowering 
of the modulus was observed. For alloys with 
lower Mo contents the deviation from 
linearity takes place at lower temperatures, 

The curves of the temperature dependence 
of internal friction for Ni alloys with 
different Mo contents are of identical form. 
The magnitude of the internal] friction of 
these alloys in the temperature range room — 
c. 400°C is practically identical, and 
almost does not change with increasing 
temperatures. At still higher temperatures 
a very sharp increase in the intemal 
friction of Ni-Mo alloys is observed; 
and for alloys with a lower Mo content 
the increase begins at a lower tem- 
perature. Thus it is indicated that a 
sudden increase in internal friction and 
deviation from linearity of the shear modulus 
occurs approximately at one and the same 
temperature, This may be interpreted as the 
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Pig. 2. Temperature dependence of the shear 
modulus and internal friction of Ni-Mo alloys 
1. Ni + 3.13 at.% Mo; 2. Ni + 6.27 at.% Mo; 

3. Ni + 9.68 at.% Mo. 
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Fig. 3. Temperature dependence of the shear 
modulus, internal friction and Poisson coefficient 
of Ni-Cr alloys with Al and Ti. (1) Ni-Cr + 2.2 
at.% Al. (2) Ni-Cr # 2.5 at.% Ti. - 0-0 = shear 
modulus internal friction 

Poisson coefficient 


result of the appearance of viscous slip along 
the grain boundaries in Ni-Mo alloys fi, 12]. 
The results of investigation of the tem- 
perature dependence of the shear modulus, 
internal friction and Poisson coefficient for 
Ni-Cr alloys with additions of Al or Ti are 
represented in Fig. 3. The temperature curves 
of the shear modulus of the Ni-Cr alloy with 
2.5% of Ti lies higher than for Ni-Cr with 
2.2% of Al, but with increasing temperature a 
tendency to approach each other is visible, . 
The shear modulus of these alloys up to about 
400°C decreases with increase of temperature 
almost linearly; with further increase of 
temperature a more rapid fall in the value of 
the modulus occurs, 
As for Ni-Mo alloys in this range, where a 


‘linear course of the temperature dependence 


of the elastic modulus is observed, the 
internal friction of Ni-Cr almost does not. 
vary with temperature, In the temperature 
range in which a rapid increase in the 
magnitude of the internal friction is obser- 
ved, there occurs a deviation from linearity 
in the temperature variation of the shear 
modu] us, 

Thus the relation between the change in the 
shear modulus and the internal] friction of 
Ni-Cr alloys is analogous to that observed 
for Ni-Mo alloys, 
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On the basis of data on the magnitude of 
the Young’s modulus and the shear modulus of 
Ni-Cr alloys, the Poisson coefficient was 
calculated for the entire temperature range 
studied. The calculation was made according 
to the formula 

(4) 
where E is Young’s modulus and N the shear 
modu] us, 

A marked change in the Poisson coefficient 
starts at 400-500°C. For Ni-Cr with added 
Ti the Poisson coefficient was 0.45, which 
possibly is linked with the considerable 
increase in the plasticity of this alloy, 


CONCLUSIONS 


1. For the Ni alloys studied, a deviation 
from linearity of the temperature shear 
modulus curve, and a sharp increase in 
internal friction, occur in the same range of 
temperature and are probably conditioned by 


the appearance of elastic imperfections and, 
in the first case, by viscous slip along 
grain boundaries. 

2. The Poisson coefficient for Ni-Cr with 


2.5% added Ti begins markedly to increase 
from 400-500°C; this, possibly, is linked 
with the considerable increase in the 
plasticity of the alloy, 

Translated by Davies 
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Electrotechnical stee] sheets must ful fil 
definite requirements not only as to their 
magnetic but also mechanical properties. 

The alloying of a steel with silicon for 
improving its magnetic properties makes the 
steel brittle. The test for brittleness is 
performed hy bending a test strip through 
90° and straightening to its initial position 
by means of 5 mm radius jaws, If the strip 
is not broken. by this operation (or if only 
a crack appears of a length less than half 
of the total breadth of the strip) then this 
is counted as one cycle of bending according 
to 802-54 standard. Subsequently the strip 
is bent in the reverse direction. The teste 
piece is bent and unbent until] it breaks or 
an endurance crack appears of a length 
reaching half-breadth of the specimen. 

The number of bending reversals (causing 
failure) of steel sharply decreases with the 
increased content of Si. Indeed, for steel 
sheets 0.55mm thick containing lper centof Si 
the numberof reversals amounts to 40-80 whereas 
only one or two for the sheets containing 4 
per cent of Si. In addition to the content 
of Si, the brittleness of steel is also 
affected ty the presence of a carbide phase 
[1-3] and a temper brittleness [4]. 

Since the distribution of crystalline in 
electro-technical steel is more or less 
ordered, an anisotropic brittleness must 
exist owing to anisotropic mechanical proper- 
ties of Si ferrite single crystals. No data, 
however, is available in scientific refer- 
ences concerning the anisotropic brittleness 
of electrotechnical steel. The study of 
anisotropic brittleness is also important 
from the point of view of the procedure for 
testing brittleness of the steel in order to 
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‘in Fig, 4, 


determine its quality. As it is know, the 
electrotechnical Si stéel is now produced by 
hot and cold rolling, The distribution of 
crystalline in the cold-rolled steel is 
highly ordered while in the hot-rolled steel 
the degree of order is rather poor, P 
The determination of crystallographic 
texture in specimens of hot-rolled steel 
presents considerable difficulties. We 


. applied an indirect, magnetometric, method. 


A type of steel texture can be deduced from 
the character of the magnetic moment curves 
of a disk-shaped specimen, If the curve 
appears like the one shown in Fig, 1, the 
crystalline grains of ordered orientation’ 
are distributed as illustrated in Fig. 2, 

If the moment curve is similar to that 
represented in Fig. 3., the distribution of 
crystalline grains corresponds to that shown 
The first type of texture we shall 
desigate for short by (100) [100] and the 
second by (110) [110]. 

In the (100) [100] type of texture the 
diagonals of face [110] in textured crystal - 
line grains are distributed along and across 
the direction of rolling and in the (110) 


[110] type the axes [001] are directed along 


the rolling and the axes [110] across. 

In the specimens of dynamo steel the 
texture is more clearly pronounced than in 
the specimens of transformer steel and con- 
sists of more than the above mentioned two 
types of texture; the texture is more 
complicated, Values of harmonics Ag and A 
and their signs may serve as indicators of 
the degree of texture. For example, in the 
(100) [100] type of texture amplitude A, should 
be zero and A, positive, With A, decreasing 
and Ay increasing the texture will be 
gradually changing into the (110) [110] type. 
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Fig. 1. Values of magnetic moment as a function 


of the angle it makes with the direction of 
rolling for specimens of electrotechnical steel 
of the (100) [110] type of texture. 
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Fig. 3. Values of magnetic moment as a function 
of the angle it makes with the direction of 
rolling for specimens of electrotechnical steel 
of the (110) [100] type of texture. 
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Fig. 2. Distribution of crystalline grains on 
the surface of a sheet of the (110) [110] type of 
texture. 


By means of moment curves the texture can 
be quantitatively estimated; it reaches 
about 25 per cent in the hot-rolled dynamo- 
steel, 

The ordered distribution of crystals of 
(100) [100] type is more sharply pronounced 
in cold-rolled transformer steel, comprising 
70-90 per cent of the volume of all the 
grains. 

Sheets from commercial batches of steel 
were taken for investigation. From every 
sheet small strips in sets of five were cut 
out along and across the rolling, The 
arithmetic mean value was taken as a final 
result of test, Thus, wherever it was 
necessary disks were cut out from the same 
sheets for determining crystal texture, - 

A part of the investigations of cold-rolled 
steel were carried out using single crystal 
specimens, 


Fig. 4. Distribution of crystalline grains on 
the surface of a sheet of the (110) [100] type of 
texture. 


RESULTS OF THE INVESTIGATION 


1, Dynamo hot-rolled steel. 100 sheets from 
from various batches of hot-rolled dynamo 
steel were investigated. According to values 
of Ay, A, all the sheets were separated into 
6 groups from the highest to the lowest 
values of A, and from the lowest to the 
highest values of A, respectively (Table 1). 
For every group of sheets mean values of Ay, 
Ay Male "acr Were taken, 

The number of reversals is nearly the same 
in the specimens where the diagonals of 
orientated planes of crystalline grains are 
distributed along and across, the direction of 
rolling, As 44 decreases and an absolute 
value of Ag increases an anisotropic brittle- 
ness océurs and in the specimens of the last 
group the number of reversals along the 
direction of rolling is nearly twice that 
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TABLE 1 


Anisotropic brittleness in relation to the crystallographic texture 
in specimens of the dynamo hot-rolled steel 


Number 


Values of amplitudes 
1074 erg/cm> 


Number of reversals 


of sheets 


across the direction, In this case the aniso- 
tropic brittleness should be explained as a 
result of different crystallographic axes 

of the textured crystalline grains being 
distributed along and across the direction 

of rolling. 

From the above evidence it follows that 
the anisotropic brittleness in specimens of 
dynamo hot-rolled steel] cannot be neglected. 
2. Transformer hot-rolled steel. In the 
transformer hot-rolled steel the most 
comlicated moment curves were obtained and 
the values of moment were small, which made 
it impossible to estimate the texture as was 
done for the dynamo steel, 


The study of anisotropic brittleness was 
carried out on 160 steel sheets 0,5 mm thick 
and 140 sheets 0.35 mm thick. All the 
sheets were conventionally separated into 
seven groups, 

Into the first group the specimens were 
included in which the number of reversals 
along the direction of rolling was appreciably 
lower than across it and into the last group 
those in which the number of reversals along 
the rolling was much higher than across it 
(Table 2). 

From the data in Table 2 it follows that 
for 60-70 per cent of sheets of the hot- 
rolled transformer steel the anisotropic 
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TABLE 2 
Anisotropic brittleness in specimens of hot-rolled transformer steel 


Number of 
sheets 0.55 
mm thick 


Number of 
sheets 0.55 
mm thick 


116 
Group 
No. 
1 6 -1 +3.4 46 42 
2 14 -1.6 +3.2 49 89 
3 32 -2.1 +3.4 52 38 
4 20 -2.6 +1.9 52 34 
5 18 -2.7 +1.3 58 35 
6 10 -3.2 +1.0 66 36 
VOL 
7 
Group 
No. "er 
1 6 1,8 3.6 2 2:8 4.5 
2 14 1.9 3.0 2 3.2 4.0 
3 34 2.9 8.5 1€¢ 2.8 2.5 
4 51 3.4 3.3 32 4.0 4.0 
5 46 3.1 38 5.7 
6 4 3.3 1.9 28 1.0 5.0 
: 7 5 2.9 i373 6 5:2 3.0 
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TABLE 3 


Values of number of reversals along and across the direction of rolling in 
specimens of transformer steel with carbide inclusions and without them 


Thickness 
of sheet, 
mm 


Number of reversals 
of specimens with 
carbide inclusions | 


Number of reversals 
of specimens without 
carbide inclusions 


Nal 


n n 


al 


0.5 9.5 
0.5 0.5 
0.5 1.0 
0.35 1.5 
0.35 1.0 
0.35 3.5 


brittleness is insignificant and for the 
remaining sheets it is already substantial, 
In the sheets of the extreme groups the 
difference between the number of reversals 
along and across the direction of rolling 
amounts to nearly half of one another, A 
direct relationship between the anisotropic 
brittleness and the texture of steel is 
confirmed by the following data. If a hot- 
rol] transformer steel is subjected to an 
additional cold-rolling of 20-30 per cent in 
order to create a more pronounced crystal- 
lographic texture, the anisotropic brittle- 
ness will be more sharply revealed than in 
the steel without the additional cold-reduc- 
tion in’area. It is known that apart from Si 
the number of reversals of transformer steel 
depends on the presence of cementite in the 
steel, After re-annealing, carbon either 
burns out or is transformed into graphite and 
then the number of reversals increases, The 
number of reversals is raised in the same 
proportion both along and across the direction 
of rolling (Table 3). 


INVESTIGATION OF ANISOTROPIC 
BRITTLENESS IN COLD-ROLLED STEEL 


For obtaining data on anisotropic brittle- 
ness, with the effect of grain boundaries 
excluded, we selected the largest crystalline 
grains and determined crystallographic orien- 


tations by an optical method, 

Small strips were cut out from every crystal- 
line grain along the axes [001]and [110]. The 
results of test for brittleness are given in 
Table 4, Number of reversals in the strips cut 
out along axis [001], which corresponds to the 
direction of rolling, is two-three times higher 
than across the rolling (axis [110]). Such a 
high anisotropic brittle@ess should quantita- 
tively be related to the distance between atomic 
planes along which the fracture occurs in bend- 
ing test. For strips cut out along axis [001] 
this distance is equal to a/2, where a is the 
lattice parameter, while for strips cut out 
along the direction of [110] axis the distance 
is $1/2,that is, nearly 1.5 times greater, 

The study of brittleness in strips cut out 


TABLE 4 


Anisotropic brittleness in single crystal 
specimens of cold-rolled steel 


Test strips 
cut along 
the [110] axis 


Test strips 
cut along 
the [001] axis 


Specimen No. 


42 14 
39 12 
20 
21 
22 
23 
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Nos. 
1 0.5 2.0 1.7 | 
2 0.5 1.75 2.0 
3 1.0 2.5 2.5 | 
4 1.5 4.0 3.5 
5 1.0 3.5 3.0 
6 3.0 8.0 8.0 
1959 
2 
4 
5 
5 
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from steel sheets of commercial batches also 
reveals an appreciable anisotropic brittle- 
ness (Table 5), ‘he number of reversals 
along direction of rolling are two to four 
times higher than across it which is in 
agreenent with the evidence obtained for 
single crystal specimens. In the same table 
the number of reversals are given for the 
strips cut out at an angle of 55° to the 
direction of rolling, corresponding to the 
direction of the third crystallographic axis 
[111]. The number of reversals obtained are 
the same or even slightly higher than those 
in the direction of rolling. 


TABLE 5 


Anisotropic brittleness in specimens of 
cold-rolled transformer steel 


Number of reversals in test 
strips cut at various 
angles to the direction 
of rolling 


Thickness 
of sheet, 
mm 


0° 55° 90° 


0.35 21 25 10 
0. 35 26 23 9 
0.50 11 13 6 
0.5 10 11 2.5 


The higher number of reversals in the strips 


cut out at an angle of 55° to the direction of 


rolling should be ascribed to small distances 
between atomic planes along which the fracture 


takes place a/2 4. 

In a number of batches a considerably 
smaller number of reversals along the direc- 
tion of rolling were found than those given 
in Table 5, and amounting to two to five in 
sheets 0.35 mm thick and one to two in sheets 
0.5 mm thick. The drop in number of rever- 
sals along the direction of rolling in such 
batches should be ascribed either to the 
presence of carbide phase or temper brittle- 
ness because in a number of specimens with 


lowered brittleness the content of carbon was 
less than 0.005 per cent, The anisotropy of 
brittleness in such specimens was less 
pronounced, The same number of reversals was 
obtained both across and along the direction 
of rolling in the specimens investigated. 

And only after re-annealing, the number of 
reversals along the rolling was, as a mle, 
increased and as a result, the anisotropic 
properties were more clearly revealed. 


CONCLUSIONS 


1. @&m the basis of the investigation conduc- 
ted it can be concluded that the anisotropic 
brittleness exists both in cold-rolled and in 
hot-rolled steels. 
2. A direct relationship has been established 
between the anisotropic brittleness and the 
texture of the hot-rolled dynamo steel. In 
the specimens of the (110) [100] type the 
number of reversals along the direction of 
rolling is twice that across the direction. 
3. In the specimens of cold-rolled transformer 
steel of usual brittleness the number of 
reversals at angles 0° and 55° is 2.5-4 times 
higher than across the direction of rolling, 
The difference in number of reversals at 
angles 55° and 90° to the direction of 
rolling complies with the distances of inter- 
atomic planes along which the fracture takes 
place, 


Translated by B, Cynk 
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BEHAVIOUR OF FERROMAGNETIC MATERIALS IN MAGNETIC FIELD 
NEAR THE CURIE POINT* 


V.M. ZAYTSEV 


Perm State University 


(Received 18 June 1957) 


It is known that in the second-order phase 
transformation of a ferromagnetic material 
the ferromagnetic phase differs from the 
- paramagnetic phase by its spontaneous 
magnetization, In the presence of an 
extemal magnetic field the body has magnetic 
moment both above and below the Curie point. 
In this connexion a qualitative distinction 
between the states of the body above and 
below the Curie point disappears; its ferro- 
magnetic properties vary continuously with 
change of temperature and there is no point 
in describing the process as a phase trans- 
fo ration. 

Nevertheless, in weak fields the magneti- 
zation near the Curie point varies quite 
rapidly and various thermodynamic quantities 
display in this region anomalous behaviour. 

The question of behaviour of ferromagnetic 
materials near the Curie point in the external 
(magnetic) field has not been fully investi- 
gated theoretically. Kholodenko [1] inves- 
tigated susceptibility in the external field 
but he did not analyse other thermodynamic 
quan tities. 

In the present paper the behaviour of 
magnetic susceptibility, thermal capacity 
and the derivative of magnetization with 
respect to temperature near the Curie point- 
are discussed, 

The thermodynamic potential of a ferromag- 
netic material near the Curie point can be 
represented by a power series in magnetiza- 
tion-M 2 


® = ©, + A/2M?+ C/4M*— MH. 


The coefficient A goes to zero at the Qurie 


* Fiz. metal.metalloved.7, NO.2, 284-287, 1959. 


point and near the point it can be represen- 
ted as A=a(T- @); the coefficient C is 
different from zero and positive. The 
equilibrium value of magnetization My is 
found from the minimum condition of thermo- 
dynamic potential and it satisfies the 
equation: 


CM) +AM,—H =0. (2) 


Equation (2) as well as the behaviour of 
coefficients A and C are confirmed by 
measurements conducted hy Belov and Goryaga 
{3]. 

Magnetic susceptibility X is equal to 


(3) 
A +3CM5 


Behaviour of magnetic susceptibility can 
be investigated using the solution of cubic 
equation (2). If one eonsiders X as a 
function of temperature in a constant mag- 
netic field, it then happens that the 
susceptibility passes through its peak at a 
point displaced from the Curie point towards 
higher temperatures. If one assumes, as & 
first approximation, that coefficient Cis 
independent of temperature then the peak of 
susceptibility is reached at temperatures 
ful filling the condition 


: a 


The maximum value of Xis ~ 


V CH? 


In Fig. 1 X as a function of 7 is given 
for various external field intensities, As 
can be seen from the figure as well as from 
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formulae (4) and (5), with increasing field 
intensity the position of peak is displaced 
proportionally to H2/3. the maximum value 
decreases in inverse proportion to H2/3 
and the peak itself becomes spread with 
growing ficid intensity. 


~ t 


Fig. 1. Variation of magnetic susceptibility with 
temperature near the Curie point: 
1 -A/2C = 50; 2- H/X = 25; 3 - H/2C = 10. 


X as a function of fH is easy to derive 
from formula (3) 


3 
6CM,7? <0, 
i.e. the susceptibility decreases with 
growing field intensity. 

Behaviour of relaxation time 7 is closely 
connected with the behaviour of susceptibi- 
lity. If one changes the temperature and 
pressure of a ferromagnetic substance, then 
relaxation processes, begin in the sub- 
stance which tend to bring the magnetization 
into equilibrium under the conditions of 
changed temperature and pressure. The 
kinetic equation for the variation of mag- 
netization with temperature has a form [4]: 


By substituting the value of ®from (1) to 
(6) and hy making use of the fact that in 
the equilibrium state the condition (2) 
holds, we obtain, by assuming i - My to be 


d 


small, 


Thus, T passes through its peak near the 
Curie point. Knowing X, hence T, as 
functions of T and H, it can be found how 
the temperature and the external field affect 
the sound absorption near the Curie point. 
The coefficient of sound absorption anoma- 
lously increases in the range of frequencies 
w t~1 [4]. Since in the presence of 
magnetic field Tt does not tend to infinity 
but remains finite, it follows that for a 
sound of sufficiently low frequency ( w t,.. 
<< 1) no anomalous absorption will take 
place. Oonsidering the relation between X 
and H one may come to the conclusion that 
the magnetic field diminishes the sound 
absorption for frequencies w7 <1 and raises 
it for frequenties w7 

When there is no external magnetic field 
the derivative of magnetization with respect 


to temperature ea at the Curie point 


goes to minus infinity. When an extemal 
field is present the derivative passes 
through a minimum, 

From equation (2) we find 


or A+3CM5 


OM 
Hence ez as a function of 7 for 
OT /H 


constant value of H can be found. It is 


OM 
easy to see that tr, reaches minimum 


value forA =O, that is, for 7 = @. The 


minimum value of ey. is equal to 
H 


OT 


WIC 
Thus the external field does not displace 


the position of the minimum value bt 
diminishes it in inverse proportion to H1/3, 


The relation between a and // can be 
H 
easily explained hy the fact that 
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1 
d 
— M— M.,), 
=—— (M—M), 
IOX 
ao 2 
/ 
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vO. 
7 
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= 


0 oM 


oH \ oT i 
field raises (= in the region of 
OT JH 


increasing susceptibility and diminishes it 
in the region where the susceptibility falls 
with temperature. 


oM 
The variation of ( Fs with temperature 


for various field intensities is shown in 
Fig. 2. 

When the external field is absent the 
heat capacity of a ferromagnetic substance 
undergoes discontinuity at the Curie point. 
When the field is present, the heat capacity 
should pass through its peak, the value and 
position of which depends on the magnetic 
field intensity. From equation (1) we 
obtain for the heat capacity 


dM 
or 
a’? Mo 
+ (11) 


The heat capacity as a function of fH and T 
can be easily obtained from (11), considering 
(2), as 


oH (A +3CM5)* 


The sign ot depends on the sign of 


A; the heat a decreases with the 
field intensity for temperatures below the 
Curie point and increases for temperatures 
higher than the Curie point. 

The heat capacity as a function of 
temperature passes through maximum value 
whose position moves towards lower tempera- 
tures with the rise of field intensity. 

Assuming coefficient C to be independent of 
temperature for weak fields, we find that the 
maximum heat capacity takes place at tempera- 
tures satisfying the condition 


e—T~=0.9(™ (13) 


a 


The maximum value of the heat capacity is 
equal to 
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(14) 


Since 0.-7 is proportional to H2/5, the 
maximum value of the heat capacity diminishes 
with rising magnetic field and the peak 
itself spreads. The heat capacity discon- 
tinuity at the Curie point changes into 
continuous fall in the temperature region 
near the Qurie point. At the Curie point we 
obtain 


that is, the same value for any H. This 
oe is one third of the peak value for 

Cp in the absence of an external field. 
yee the main fall of the heat 
capacity occurs at 7 > @, although the 
peak of heat capacity lies below the Qurie 
point. The derivative of C G with 
respect to temperature at de: Curfe point may 
serve aS a convenient characteristic of the 
spreading of the discontinuity in heat 
capacity by magnetic field. 


3 (15) 
3C V 
When H = 0 this quantity goes to minus 
infinity, which indicates the discontinuity 
in heat capacity, and for smal] H it varies 
proportionally to 


d 


with temperature near 
2 - H/2C = 20; 


Fig. 2. Variation of (= 
n or 


\ 
the Curie point: 1-H4/2C = 100: 
3 - = 10. 


In conclusion we note that everything 
stated above is only true near the Curie 
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point and for fields which are not very (1956) 
L. Landau and Ye. Lifshits, Statisticheskaya 


strong, that is, when equation (2) holds, : 
fizika (Statistical Physics), Gostekhizdat 


Translated by B, Cynk (1951). 
. K.P. Belov and A.N. Goryaga, Fiz. metal. 


metallov., 2, 3 (1956). 
L.D. Landau and I.M. Khalatnikov, Dokl. Akad. 


31, 244 Nauk SSSR, 96 (1954). 
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SELECTIVE TRANSPARENCY OF FERROMAGNETIC FILMS* 


M.I. 


KAGANOV 
Institute of Physics and Technology, 


Academy of Sciences, the Ukr. S.S8.R. 
(Received 19 March 1958) 


The observation of ferromagnetic resonance 
and frequency response of magnetic suscepti- 
bility of ferromagnetic metals in genera] 
have been carried out by investigating the 
absorption of electromagetic energy either 
hy specimens large in comparison to the skin 
depth (reflection from a half-space) or by 
small specimens when the field in the specimen 
is practically uniform. 

However, a unique variation of magnetic 
susceptibility = ip” with frequency 
(Fig.1) should provide interesting character- 
istics of electromagnetic wave transmission 
through a ferromagetic film. 


Pag. 1. 


Let us consider the transmission coeffi- 
cient of electromagnetic waves through a film 
whose electromagnetic properties are des- 
cribed by complex numbers of dielectric 


constant s=e’+ie’ and + ip”: 


* Fiz. metal. metalloved.7, No.2, 288-289, 1959. 


(1+ exp (: Vind) 


where and Hine, are the amplitudes 
of transmitted and incident waves respec- 
tively; dis the film thickness; w is the 


frequency. When uz = 0 (this approximately 


corresponds to frequency and not’ 


to = because when 


and when 
<1) + (s—s the film conductivity) 


=0 


we have: 
| Htrans|? 4 
c 


Since the item containing o usually exceeds 
the remaining items considerably, we have 


ct 
‘a (3) 
The last expression is correct if the expan- 
sion of the exponents of the denominator of 
expression (1) conforms to an established 
rule, In order to define this condition more 
accurately we use the know expression for 
magnetic susceptibility 
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z 2 
0? — 
(4) 


_ w? _ 9iwAw 


where Aw is the resonance line width and 


__2Bo A 
Ya = Ho +Bo (5) 
which is easy to prove proceeding from the 
equation of motion of magnetic moment which 
contains a relaxation term in the form 
suggested by Landau and Lifschitz. 
Using (4) and (5) we find that 


w 2xMo 


c 


where 6 ,, is the skin penetration depth* when 
the effect of magnetic susceptibility is dis- 
regarded; AH is the ferromagnetic reso- 


nance-line width in oersteds. 
The observation of selective transparency 


(that is of a power function of d for such 
thicknesses when in usual conditions - for 
other frequencies -— an exponential function 
was found) is obviously of greatest interest 


in the films the thickness of which satisfies 
the condition 


2x My 
sk <a < 


As can be seen from the last condition a 
possibility of this obervation substantially 
depends on the specimen because it is defined 
by the narrowness of the ferromagnetic reso- 
nance line AH. On the other hand it is 
convenient to have a large value of 5 ok 
which is associated with the drop in conduc- 
tivity. It seems possible to find out the 
best conditions in which this effect could be 
observed (if d ~ 5 6,,, then for o=«, the 
coefficient of transparency { should increase 
10? times, and ford ~7 §,, 3 x 10? times; 
the fact is that in this case an absolute 
value of the coefficient of transparency 
decreases). 

Let us note in conclusion that the typical 
relation between yz and frequency may also 
lead to the selective absorption of electro- 
magnetic energy at a frequency for which p=e. 


As is apparent, this frequency is characterized 


hy a sharp fall of the index of reflection, 


Translated by B, Cynk 


* Factor 2H, + 47M, under the sign of radical is 
omitted, it varied from 1 to 2. 
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MAGNETO OPTICAL EFFECTS IN 
IN THE REGION OF FAR 


L.Ia. KOBELEV 


FERROMAGNETIC BINARY ALLOYS 
INFRARED FREQUENCIES* 


and A.V. SOKOLOV 


Institute of Metal Science, Academy of Sciences, U.S.S.R. 


“A.M. Gorkii” 


Ural State University 


(Received 2 July 1957) 


1. A theory of magneto-optical effects in 
pure ferromagnetic metals, based on inter- 
action representation between intemal and 
extemal electrons, was developed in refer- 
ence [1] 

The results of calculations are given 
below on the dependence of Kerr and Faraday 
constants on the composition of the alloy 
and the degree of long-range order for a 
very far infra-red region of the spectrum. 
These calculations are based on the theory of 
binary alloys developed in [2]. 

2. In ferromagnetic metals and al loys, 


which are good conductors = > :) angles of 


rotation of the plane of polarization in 
Kerr and Faraday magneto-optical effects are 
determined by the following expressions: 


(1) 


f in 


( Kk, —n_K_). (2) 


In expressions (1) and (2) n+ and ky are 
the indexes of refraction and absorption of 
clockwise and anticlockwise circularly- 
polarized light waves respectively; n-— the 
refractive index calculated without accoun- 
ting for magnetic interactions; )- the 
wavelength of incident light. light. 

For the calculation of expressions n+ and 
k+ we use the known relationship (see for 
example [1]). 

(v Yo} 


(3) 


* Fiz. metal.metalloved.,7, NO.2, 289-291 1959 


where Vo is the effective frequency corres- 
ponding to the spin-orbit interaction; v- 
the frequency of incident light and a(vF Pe) 
- the “light conduction” of a binary 
ferromagnetic alloy. 

For the very far infra-red region of the 
spectrum (\ ~-100 w or longer, for which 


Avg Ty where 7 + are relaxation times of 


conduction electrons of ferromagnetic 
elements with right-hand and left-hand spin 
orientation respectively) the light conduction 
is independent of v and can be chosen as 
equal to the specific electrical conductivity, 
The effective frequency for a pure ferro- 
magnetic element was found in paper [3]. 

Vo = wu (4) 
where 2 is the mean value of magnetic 
moment per lattice point expressed in terms 
of Bohr magnetons; w is the matrix element 
of the operator of magnetic spin-orbit energy 
of electron interaction, 

For binary ferromagnetic alloys, magnetic 
moment yz entered in (4) is a function of 
composition ¢ and degree of long-range order 
7 while a variation of w with these quanti- 
ties may be neglected, for small magetiza- 
tions anyhow, 

3. Taking into consideration that residual 
resistance for many binary alloys is a large 
quantity, we shall only calculate the in- 
fluence of the residual resistance upon the 
magneto-optical effect in ferromagnetic 
binary alloys’ 


* The calculation of thermal part of the resis- 
tance is connected with the relation of the 
relaxation time to the composition and degree 
of long-range order and can easily be made. 
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Assuming that the interaction between 
intemal] and external electrons is smal] and 
following the calculations of residual 
electric resistance as made in work [2] it is 
easy to obtain the expression, 


p= A Jew —c)— +By?. (5) 


where p is the residual electric resistance 
of ferromagnetic binary alloy; w is the 
relative concentration of lattice point of 


the first kind (© =>-]sc¢ and 7 are the 
concentration and the degree of long-range 
order of the alloy respectively; y — the 
spontaneous magnetization of d-electrons 
which depends on c and 7; A and B - the 
constants independent of c and 
fore q=2¢ fore % 

According to the assumed approximations in 
calculations the item containing magnetization 
is small in comparison to other items, ~ 

4, Substituting (3), (4) and (5) in (1) and 

(2) (a= n~x«),we find: 
V3 [ec —c) 1? + 
—w 


2 


ap ~ 


+ bys)". (7) 


Thus it can be expected that the Kerr and 
Kundt constants as functions of composition 
and degree of long-range order are defined, - 
in any case for smal] magnetizations in the 
very far infra-red region of spectrum - by the 
following relationships; 


Ky 
(#—28)VaV ca—o— 9 + By" 
—w 
= (8) 
vis VA he 
(ve — vo) 1 — WwW. 
im conclusion we take the opportunity to VOL 
express our indebtedness to Prof. M.M. Noskov 7 


and A.N. Levkov for discussing the results, 
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CONCERNING THE THEORY OF HOLE-ELECTRON 
PAIR EXCITATION* 
G.G. TULUTS AND M.Sh. GITERMAN 
Institute of Metal Science, Academy of Sciences, U.S.S.R. 
Ural State University 
(Received 30 March 1958) 


The energy spectrum of hole-electron pair 
excitations within limits of the polar-exciton 
model was investigated in papers [1-3]. In 
those papers atomic functions were selected 
as elementary functions for representing 
second quantization. In the present note 
the authors make use of single-particle 
functions of molecular type which renders it 
possible to introduce effective masses of 
electron and “hole” into the energy spectrum 
of excitons and to compare the spectrum with 
results of other papers on the theory of 
excitons. As in paper [1], we shall assume - 
that on the average, at every lattice point, 
there is one electron which may be either in 
normal] (A= 0),or excited (A=1)state. The 
Hamiltonian of a many-electron system for 
low excited states may be reduced to the 
following form (formula (3,2) of paper [1]): 


H = Eo + hy + 
fi +fe 


+ = A (file) +> A* (fife) 
Sixfe 
where Bose operators of hole-electron pair 
exitation &, are determined by Fermi- 
operators of electrons with an accuracy of 
immaterial c-numbers, 


= SF = AF, Ayo. (2) 


Coefficients in (1) are as follows: 
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M (f) = L (fl fl) — L (fo f0), 
R (fif2) = (fil fil f20) — F (fal f20; fal] — 
— [F (f1:0 f20; fe0) — F f20; f20 f10)], 
Q (fifa) = F (fil f20; fal) — F (fil fal | 
A (fife) = F (f10 f20; fil fal) —F fel fil), 
where 


P h? 


F fads) (4) 


As was mentioned above, we selected Wannier 
functions [4] - linear combinations of Bloch 
functions 4,, (r)- as elementary functions for 
representing second quantization of 8p () 


| 
en = x exp (— (r). (5) 


A 


For diagonalizing transformations of (1) it 
is necessary to substitute operators 
Efe into their Fourier components 


= —— exp (—infyé,, 
VN. 
N. 


Conversion of (2) into Fourier components 
gives the relation between quasi-impul ses 
of elementary excitations: k’ =k - X, 
where k’ is the quasi-impulse in the state 
A=0; k in the state A =1. In analogy to 
the single-electron theory we shall refer to 
these exitations as electrons and holes 
respectively. 

Now we shall systematically transform every 
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term in (3) using (4-6). Hence, for terms of 
M type which provide the width of energy gap 
we obtain 


a= 


Further, for R toe terms which describe 
coulomb and alternating inter-relationship of 
the electron and the “holes” with all the 
electrons at the nodle point f we obtain 


= 


where 


| Ye, ir,) (To) (ry) Vir (rz) dr, 


(9) 


In(8)we added and calculatedv, ,_,and 7, ,_, 
terms in order to extend the summation over 
k, also over =K—x. 

Now joining (7) and (8) we introduce effec- 
tive masses ofexcited electron m,; and hole 
my, in (1). The condition of weak excitations 
allows the application of the effective mass 
method according to which 


E(®)+ 


E(k—x)+ 


and thus 


T j= 
Kms, 


[M (fx) + R (fi fe)) = 
fimfe 


h2 si 2 
2m }, 


Now we transform the sums over k in (10) 
explicitly separating the forward motion of 
excitons along the crystal 


+ 2(m,1 + mp) +W.— 
The summation over k we substitute by 
integration, the first term in the right- 
hand part of (11)- for not too high impulses 
of exciton X — being equal to d, that is, 
the quantity proportional to the hal f-sum of 
valence band and conduction band, 
Terms of Q and A types in (1), which 
describe the exciton motion along the crystal 
and the process of appearance and disappear- 7 
ance of two excitons respectively have the 19 
following form (when terms with two overlaps 
of wave functions in integrands are neglec- 
ted) 


Si +f x, 


(sha) = DLA (9) exp (inp) (12) 
hitfe 


where within the approximation discussed 
A\p) = Q(p)= (13) 


Performing the diagonalizing transformation 
of quadratic form of (1) and using (10) -(12) 
we obtain for the exciton qmergy the expres- 
sion: 


—T) + 


(14) 


h?+2 


+ 2, Q exp (— ixp;, 


J (rs)l* © dra dr, 


T= (r1) 85 (rz) (rir) (r1) 81 (rz) dry dre 


= — - x 
2-2 
- 
| 
+ 
where 
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which describe the interaction of electron 
and “hole” at lattice point f. By limiting 
our consideration only to the interaction 
between the nearest neighbours at a distance 
a, we find for the simple cubic lattice the 
following expression for the activation 
energy and effective mass of exciton: 


AE=W,— ip — (VJ —T) — 6|Q (a)\; 
he? (15) 


As can be seen from (15), the energy gap 
between normal and excited states is dimini- 
shed at the expense of the electron-hole 
interaction, as well as of the exciton trans- 
fer along the crystal. 

Formulae (14)-(15) agree with the results 

of work [5] in which the problem of exciton 


was discussed in configurational space by 
Geitler-London method of the functions of 
molecular type. 
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CALCULATION OF REABSORPTION OF THE SHORTEST 
WAVELENGTH LINE OF A X-RAY EMISSION SERIES* 
V.A. TRAPEZNIKOV 
Institute of Metal Science, Academy of Sciences, U.S.S.R. 
(Received 30 August 1958) 


For the shortest wavelength line of a give 
X-ray emission series a decrease is often 
observed in intensity of the background on 
the short-wave side of the line as compared 
with that on its long-wave side [1-3], This 
effect is explained by the absorption of the 
radiation corresponding to the short-wave 
part of the line in question, in the inves- 
tigated substance itself during the radiation 
yield of anode, Such an absorption is 
possible when there is no discontinuity 
between occupied and unoccupied outer extemal 
states and when the inner level width which 
when excited results in appearance of the line 
is appreciable. 


N129- absorp 


tion 


- intensity 


Q 


2510 2530, 


Fig.1. Microphotogram of /;,.-line and of 
absorption edge for pure molybdenum: (1) - 
experimental points; (2) - calculated results. 


It was shown in [1] (in the case of L,,- 
line of Mo by the method of varying the X-ray 
tube voltage) that the longer the path 
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traversed in the material by the radiation 
passing from the anode towards the crystal, 
the stronger is the absorption of the short- 
wave part of the line. Consequently, for 
obtaining experimentally the shape of 
spectrum as accurately as possible, it is 
necessary to carry out the experiment with a 
difference of potentials in the X-ray tube 
only slightly higher than the excitation 
potential and with an angle between the anode 
plane and the anode-crystal] direction as 
large as possible. On the other hand this 
can be achieved if the reabsorption [2 3] is 
somehow taken into consideration, 

From a known shape of the relevant 
absorption edge we shall calculate the shap- 
distortion of the emission line caused hy 
reabsorption, 

Denoting hy fig the intensity of an 
emission line of a given wavelength as found 
experimentally and by tat the calculated 
intensity at the same point after accounting 
for the reabsorption, we find the following 
relation between them Teal ex 

e?7, where 7 is the absorption coefficient: 

d — the mean value thickness of anode. * 

We select as far as possible a horizontal 
section of the background on the shortwave 
side of the line so that it would correspond 
to the same section of the absorption curve, 
For the radiation at this section a numerical 
value can be found, specifying the absorption, 
which in case of emission is as follows: 


* The absorption in anode is an integral effect, 

in which d varies’ from 0 to qaax’ We restrict 
ourselves to the mean value of d because, when 
systems of specimens based on one element are 
investigated, relative measurements are often 


sufficient. 


VO) 


! vo, 
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Character of microphotograms for pure molybdenum before and 


TABLE 1. 
after correction for reabsorption 
No. of Asymmetry of Width of Displace- | Overlapping of 
spectrogram Blacken- Lg, ev ment of Leg and L ur 
q 
Absorp- Emission ng 7 Before After Before After middle of Before After 
tion B2, correc- | correc- | correc-| correc-| lf. ev | correc- | correc- 
max tion tion tion tion tion tion 
84 129 0.43 0.25 1.3 1.0 5.3 5.8 0.7 be 1.8 
86 128 1, 44 0. 29 1.4 1.0 5.1 §.7 0.8 1.0 1.8 
I background, long kn : The index of asymmetry after the correction 
I = In = is : became equal to 1,0 and the width to 5.8 eV 
T background, short I which are in good agreement with the experi- 


ex.0 


Having the absorption curve of the 
appropriate edge in which the quantities 
proportional to the absorption coefficiemt 
Q are plotted as ordinates (Fig.1.) and by 
making the absorption of a given wavelength 
in both cases equal -— with the accuracy of 
constant factor* — we obtain values of Fate 


Calculations of reabsorption were made in 
pure molybdenum for Lg, emission line from 
experimental data for the absorption edge 
Lior: Specimens were prepared from the same 
molybdenum as in reference[1]. The inves- 
tigation was conducted by the primary method 
using a vacuum X-ray spectrograph with 
curved (according to Johann) quartz crystal 
(1011) in the first order of reflection and 
with a linear dispersion of 6 XE, The 
thickness of absorbent was ly; difference 
of potentials in the X-ray tube 5 kV for a 
current of 3-4 mA; angle of inclination 
of the anode plane was 12°. Spectrograms of 
various blackening were obtained for Lg, . 
Results of the investigations are given in 
Fig. 1 and in Table 1. Error of reading the 
position of a point on the energy scale dic 
not exceed + 0.1 eV. 


mental results of [1] and may serve as a 
criterion of accuracy of the calculation. 
It may also be mentioned that the maximum of 
Le, has a tendency to displacement towards 
the short-wave side but the effect is less 
than 0.2 eV, i.e. less than one step in 
microphotometric measurements, 

The correction for reabsorption gives an 
appreciable change in the shape of the line 
and in position of th. middle of its short- 
wave side. Such changes may play a decisive 
part in interpreting experimemtal results, 
For example, a gap between emission and 
absorption may happen when no correction is 
made for the reabsc., -ion and after the 
correction the gap may disappear and even 
overlapping take place, 
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* This constant factor depends on the thickness 
of absorbing layers in the case of reabsorption 
and usual absorption because it is known that 


+r is the function of the thickness of absor- 
bent but the exchange q for © is tolerable 
for relative measurements. 
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CONCERNING THE QUESTION OF DETERMINING DIFFUSION 
COEFFICIENTS BY THE INTEGRAL RESIDUE METHOD* 
5.M. KLOTSMAN, A.N. TIMOFEYEV and I.Sh. TRAKHTENBERG 
Institute of Metal Science, Academy of Sciences, U.S.S.R. 
(Received 22 April 1958) 


The integral residue method, first suggested by Gruzin [1], has found a widespread 
application owing to its simple procedure of measurements, The method is based on cal- 
culations of I,x (integral activities of stripped layers of equal] thickness) by measuring 
integral activities of a specimen before and after taking off a layer 


pax) = i (x) exp [—u(x — x,)] dx, (1) 


*n 


where i, and t. are the integral activities of the specimen before and after stripping the 


n 
layer Ax=x,,, —X,; thick; exp (—uAx)—is the factor which accounts for the decrease of I, in 


n+l 
the layer A x with absorption coefficient yz; (i(x) is the specific activity). 


It is assumed that i(x) = i, = constant in sector Ax. Then the equation (1) acquires the 


form 


1 — exp (— 


CXP (— phx) = iz A(u, Ax). (2) 


The assumption on the equal distribution of the active element inside the stripped layer may 
introduce a systematic error into the diffusion coefficients determined by the integral 


residue method. 
In the present work an attempt was made to calculate the distribution of the active element 


inside the stripped layer, As the first approximation a linear decrease of specific activity 
from point x, to nal was assumed, 
On the basis of this assumption it can be written 


Substituting expression for i (x) from the right-hand part of equation (1) we obtain after 
integrating 


i(x) =i — 


]1—exp(—pAx) 1 —(1 + pAx) exp (—pAx) 

1 + pAx) exp (— 

n+1) 


Pa exp (— pdx) = 


ly ly 41 exp (—- phx) + (ix, — by 


n n 


| — exp (— phx) 
= A (u, AX). 
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From equation (4) it follows that for making the function proportional to the specific 
activity at point x, it is necessary to add to the difference fo «se , exp (—ypAx) a 
correction term depending on the difference of specific activitiés in *n+l points x, and 
x on absorption coefficient jz and thickness of the stripped layer A «x. 

It is not difficult to show that this correction term is always positive and assumes 
maximum value when «x = J/2Dt if the diffusion takes place from an infinitely thin layer into 


a semi-infinite specimen, i.e, when 


i (x) = dy exp(— (5) 


In order to introduce the correction item into calculated data it is necessary to make the 
units of integral and specific activity congruent. For this purpose we calculate an integral 
activity of the specimen after the time t of diffusion annealing, If equation (5) holds, we 


have 


2 
iy exp (- exp (— dx = iy V xDt [1 — erf (V 


f(z) = exp (— dy. 


0 


If the unit of specific activity is so chosen that i(x)|x 29 =! then the integral activity 
= Vv =Dt exp (u2Dt) [1 — erf )| The integral activity is usually measured in percen- 
tages assuming i = 100. The additional term in calculation formulae then will take the fom 

| — (1+ pdx) exp (—vAx) 100 
peda V xDt exp DA [1 | V \| 


In connexion with the above consideration the following method is suggested for calculating 
non-uniformities in distribution of active element inside the stripped layer. 
(1) A curve of function (— »Ax)]= f(x?),is plotted, approximated by straight 
line and t determined by the tangent of the angle of its slope a as 


4 tana 


(7) 


(2) Acorrection calculated from equation (7) is introduced into difference /,) —/+,,) exp 
(— pdx) 
(3) A curve of function eg 1 ]J=f(x2), is plotted and, from the tangent 
of its slope B, D,,,, is calculated 


Systematic error introduced in quantity D by neglecting the distribution of active element 
in the layer can be estimated. As it is known the tangent of the angle of slope in In f (x?), 


when In f plotted against x? is equal to 
(8) 
Inf (x?) f'x? 


Let equation (5) hold. When 
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(x*) = exp (— pdx) + ix, -A(u, Ax), 


(9) 


f(x?) = — (— phx) = ip A Ax)—ay,, 


A 
| +—- (10) 


+ Ax? | 
4Dt 1 exp (—pAx) 


phx — exp (—pdx) 


The second item in square brackets of equation (10) provides a percentage error in determining 
tana; hence D, in case of neglecting a distritution of active element (agent) inside the 
stripped layer. 

This error is the smaller, the thinner being the stripped layer, the further the layer is 
from the source of diffusion, the higher is the absorption coefficient (for p— o the percen- 
tage error in determining D tends to zero). 

For verifying these calculations the data given in paper [1] were worked out for the sel f- 
diffusion in Y-iron at 1200°C during 89 hr. ‘The value given for ~z was 10 cm™?; and Ax = 
1073 cm. In paper [1] the value of D = 8.0 x 107!) cm? secu}, 

After introducing corrections for non-uniformity in distribution of active element in the 
layer, the corrected value was calculated 


= 8-7 x 1071) cn? 


which corresponds to an average systematic error of 8.7 per cent, Percentage error calculated 
directly from equation (10) is equal to 


Ap 


D 
Ab 


D 


10%, for x 25 x 107 2cm 


R 


3%, for x = 15x 1072cm. 


The whole diffusion zone comprised 17 x 1073am, hence the average systematic error lies 
between the errors computed for initia] and final points of the diffusim zone. 

From the above considerations it follows that the calmlation suggested renders it possible 
to estimate by equation (10) the necessity of introducing a correction for non-uniformity in 
the distribution of active element in the stripped layer and to fom function f from which 
diffusion coefficient D can more accurately be determined, 
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SPIN-ELECTRON RELAXATION IN ANTIFERROMAGNETIC METALS* 
Iu. SEIDOV and A. BERDYSHEV 
“A.M. Gorkii” Ural State University 
(Received 12 January 1958) 


The establishment of thermal equilibrium in the system of spin waves of an antiferromagnetic 
metal may »be caused by various factors: interaction betwe@m phonons, collisons of spin waves 
with one another, interaction with conductivity electrons etc, The first two mechanisms were 
investigated hy Tsukemik, ‘The authors studied the third mechanism, The calculations were 
based on the s-d exchange model [2,3]. ergy operator 

H = const — J (ny, M2) 


Ne 


exp i (Ke — Ky) (Ky Ky) nag 2x90} 


(see notations in [3]) was transformed from Fermi amplitudes to spin deflexion operators 
using Ziman formalism [4] and then to spin wave operators by the method of canonical equations 
of motion of the operators [3]. For a-electrons a usual energy spectrum of spin waves is 
obtained, for s-electron - splitting of the conductivity band as described earlier [3]. 

The part of the energy operator, containing triple terms in operators of second quantization 
and describing quantum transitions owing to spin wave-conduction electron interaction, leads 
to the following equation for the mean frequency of spin-electron relaxation. 


where 
(exp — ny, = (exp (E,, — + (41, — 


is the exchange integral between conduction electron and a-electron; @ -— the vector of 
reciprocal] lattice; Ey - the energy of spin wave; &, - the energy of conduction electron. 
The remaining notations as in work [4]. Calculations of W,_, were carried out with the same 
approximations as for the corresponding ferronagnetic problem [2]. It was found that 


where I, is the s-d-exchange integral inside one atom; J - the exchange integral between 
d-shells of two neighbouring atoms; & —- the Fermi end-point energy; A — the integra] of 
conduction electron transition in the single-electron theory; @ N- the “Neel” point; 
z -the number of nearest neighbours, For rough estimation of #,_, it may be assumed A ~ 1071? 


erg, I, ~ 107!* erg [2]; @y ~ 100%; ~ 1071? erg. For low temperatures, then, for 
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which calculations were carried out, W., ~ 10°/T, Detailed calculations wil] be sutmitted 
in a following article. 
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EFFECT OF ALLOYING COMPONENTS ON INTERATOMIC 
BINDING FORCES IN ALUMINIUM LATTICE* 
G.P. KUSHTA, I.P. NIKHAYLYUK and G.F. KOROLYUK 
Chernovitsy State University 
(Received 15 October 1957) 


The study of laws governing the variation 
of characteristic temperatures of solid 
solutions as functions of their compositions 
is one of the most important means of 
establishing a character of interaction 
between atoms in solid solutions, Owing to 
widespread use of many industrial solid 
solution alloys such a study becomes still 
more important. In recent years the 
accumulation of data began on characteristic 
temperatures of various solid solutions 
[1-5]. ‘This data has appreciably broadened 
our ide&éas on the physicochemical nature of 
solid solutions [1,4,6]. In work [7] one of 
the authors proved that the high strength of 
alloys of the Duralumin type had no relation 
to the occurrence of stronger interatomic 
binding forces in the lattice of these alloys. 
However, a number of alloying admixtures 


4 


Al+*2% lu 


Fig. 1. Logarithm of the intensity ratio at 
temperatures + 20° and — 183°C as a function of 
the difference of sums of squares of indexes of 
reflecting (lattice) planes for aluminium and 
its alloys with 2.3 and 4 per cent of copper by 
weight. 
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(Cu, Mg, Si, Mu and others) enter into the 
composition of the Duralumin and the effect 
of every one of them may be different 
because the character and magnitude of 
changes in the binding forces in solid 
solutions depends on a nature of alloy 
component and its concentration in the solid 
solution [8,8,9} It seems expedient to 
investigate separately the effect of every 
alloying component upon the binding forces in 
the resulting solid solution. On one hand 
such an investigation will contribute towards 
explaining the nature of the strength of 
aluminium alloys and on the other hand it 
will provide new evidence on characteristic 
properties of interatomic interactions in 
these alloys. 

The results of determining characteristic 
temperatures are presented below for aluminium 
alloys with 2,3 and 4 per cent of copper, 

Commercial aluminium of AI trademark and 
electrolytic copper were used for obtaining 
the alloys. Specimens were produced in 
porcelain crucibles by the method of thermal 
diffusion of copper in mo] ten aluminium at 
800°C, Melting was performed under flux 
layer, Characteristic temperature of speci- 
mens was determined by variation of the 
thermal factor of intensity of X-ray inter- 
ference lines, The X-ray specimens were- 
prepared from filings annealed for 10 hr in 
vacuo at 500°C, and had a form of small 0.8 mm 
dia. cylinders*, X-ray pictures were photo- 


* Powder-like specimens, which practically cool 
instantly, were X-rayed directly after cooling. 
This made it possible to assume that the 
concentration of copper in the solid solution 
practically did not differ from the assigned 
concentration. 
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graphed by means of an open camera of the shifts towards the decreased mean square of 
RKD type using copper radiation at two atom displacement in thermal fluctuations 
temperatures — at room temperature, and at a and towards increased characteristic 
temperature of liquid air, In the latter temperature of the solid solution, that is, 
case the photographed specimen was sprinkled in direction of increased binding forces in 
with a stream of liquid air by means of a the lattice. 

special siphon device [1]. In order to From tangents of slope angles of the 
obtain the (333) Al-line on the X-ray straight lines in Fig. 1, by using the 
pictures, a special (not standard) collimator formula 
was used, The X-ray pictures obtained at 

room and low temperatures were developed in 

the same conditions and then measured with a 


= ag) Lai), 


direct-vision microphotometer MF-2. 3h2 (B\T») 
For determining a characteristic tempera- where A =- =| 
1 2 
ture from radio-graphic data, the method 
developed in [10, 3] was applied, Relative and @ is the Debye function, values of A a5 
intensities of four lines: (111), (222), and characteristic temperature 6 were deter- 
(422) and (333) were measured, Results of mined, 
measurements on both sides of X-ray pictures Calculated values of @ and ap which charac- 
were averaged from 2-5 pictures, Intensities terize the strength of interatomic bonds VOl 
of lines were calculated as areas formed by m@2inthe solid solution lattice are given 7 
photometric curve and background pattern, in the table. The accuracy of determining Be) 


The intensity of the (333) line was calcula- characteristic temperatures is within + 
ted as a sum of areas of two lines of Kg, 5 8- 10°. ; 
doublet. The observed increase of binding forces 
In Fig. 1. results of measurements are with the content of copper in the solid 
shown in the form of relation between solution is in conformity with the decrease 
logarithms of the intensity ratio. of lattice parameter of aluminium when 
copper is introduced, 
209 Since the interatomic binding forces in 
si Duralumin lattice practically do not differ 
from those in pure aluminium [7] one should 
and the difference of sums of squares of suppose, on the grounds of results obtained 
indexes of the corresponding line pairs for in this investigation, that the effect of 
pure aluminium and for alloys with 2,3 and 4 other admixtures is evidently of opposite 
per cent of copper. sign. This supposition, of course, needs 
It can be seen from the figure that the further verification, 
variation of thermal] factor of intensity by Thus copper, the main alloying component of 
introducing copper into the solid solution Duralumin, raises binding forces in the 


93° 


TABLE 1. Characteristic of interatomic binding strength in the 
lattice of solid solution 


Specimen : m 


Al 2.99 x 10719 2.65 x 10718 
Al + 2% Cu 3.84 x 10719 2.29 10° 
Al + 3% Cu 3.85 x 10719 2.22 x 10728 
Al + 4% Cu 4.47 x 10719 1.92 * 10° 
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lattice of solid solution and only the 
combined effect of all the admixtures 

results in practically unchanged bonds in 

the lattice; the observed strengthening of 
the alloy is conditioned by other strengthen- 
ing factors [7] instrumental to more effec- 
tive utilization of existing bonds in the 
lattice, 
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MICROSCOPIC PROOF OF DIRECT TRANSFORMATION OF 


MARTENSITE CRYSTAL TO 


a- GRAIN BY TEMPERING* 


A. MASHIN 


Research Institute of Railway Transport, 
Prague, Czechoslovakia. 


(Received 18 August 1958) 


In the literature devoted to the problems 
of tempering martensite one can find a state- 
ment to the effect that in martensite 
decomposition the recrystallization of 
ferrite grains ( a -grains) is accomplished. 
This statement, however, has never been 
confirmed by any experiment and from the 
theoretical point of view it is completely 
unjustified because an equilibrium state may 
directly set in as a result of expelling from 
the martensite the carbon atoms contained in 
its atomic lattice, From the continuous rate 
of changes of the third type of deformation — 
investigated radio-graphically by Moroz and 
Terminasov [1] - one may also come to the 
conclusion that in this case no recrystalli- 
zation of grains takes place during tempering, 

For a direct solution of this problem the 
following experiment was performed. 

A small cylinder 8 mm dia. and 10 mm high 
made of iron alloy with 1.3% of carbon was 
subjected to quenching from a temperature of 
1150°C in oil and immersed in liquid nitrogen 
(-196°C) in order to eliminate remaining 
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austenite The front side of the quenched 
specimen was metallographically ground and 
electrolytically polished; the polished 
surface was etched in 1 per cent solution of 
nitric acid in ethyl alcohol, In the micro- 
structure which proved to be purely marte- 
sitic, a typical spot under microscope was 
selected with fully developed large marten- 
sitic needles (Fig. 1). ‘This spot was 
circumscribed hy impressions of a micro- 
hardness test instrument, 

Subsequently the cylinder sealed in a glass 
vacuum tube was tempered for 2 hr ina 
laboratory electric heater at a temperature 
of 660°C, After cooling the cylinder was 
removed from the tube and again the spot, 
circumscribed hy the impressions, was found 
under the microscope (Fig. 2). 

As can be seen from Fig.2, the a -grains 
formed fully coincide with the former marten- 
site needles, which eliminates a possibility 
of recrystallization occurring during the 
tempering. On the contrary, this indicates a 
direct transformation of martensite crystals 
to a-grains. As concems carbon, it can be 
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seen from Fig.2 that it precipitates from 
decomposing martensite in the form of small 
carbides at individual a-grain boundaries. 
The above is in full agreement with the 
results of structural changes in a tempered 
martensite investigated by an electronic 
microscope [2]. The observations proved that 
for higher temperatures of tempering (above 
500°C) carbides formed inside martensite 
needles dissolve in the initial stage of 
decomposition and subsequently precipitate 
at a-grain boundaries like the tempered 
martensite investigated by us. 


In coclusion I want to express my grati- 
tude to Tlustoy and V. Gavel for thei~ 
assistance in carrying out the exper.ments, 


Translated by B, Cynk 
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1. With a view of studying the energy 
spectrum and the concentration of current 
carriers as wel] as for explaining the 

effect of magnetic field intensity upon the 
temperature of magnetic transformation as 
reported by Guilland [1], we investigated the 
Hall effect and the effect of magnetic field 
on the resistance of manganese-phosphorus 
alloys with a concentration of from 33 to 53 
at. %P. The measurements of magneto-resis- 
tive properties were conducted in the 
specimens made by sawing out and polishing 
thin plates of dimensions 11 x 5 x 0.8 mm. 
All the measurements were carried out by the 
d.c. potentiometric method, 

To eliminate incidental errors, resistances 
were measured in two directions of compensa- 
ting current and magnetic field; Hall’s 
e.m.f, was also measured with the adequate 
precautions suggested in work [2]. 

2. The Hall effect was measured in 
specimens of the alloys containing 33 at. % P 
(MnP), 40 at. %ZP (MnP + MnP), 46 at. %P 
(MnP + MnP), 50 at. % P (MnP). The sign of 
Hall effect for all the alloys investigated 
was positive which corresponds to the hole 
conduction mechanism, The thermo-electro- 
motive force of al] the alloys investigated 
also indicated the positive sign of current 
carriers. 

As it is known [3], the Hall e.m.f. in a 
ferromagnetic metal can be represented in the 
form E = Ru + fl, where fy is the constant 
of the, so called, ordinary Hall effect, H- 


the magnetic field intensity, R,- the constant 


of the extraordinary Hall effect, J- the 
magnetization. R, is related to the concen- 
tration of current carriers. 

However, when conclusions of work (4 | are 


MAGNETORESISTIVE PROPERTIES OF MANGANESE PHOSPHIDES* 
I.G. FAKIDOV and V.P. KRASOVSKIY 
Institute of Metal Science, Academy of Sciences, U.S.S.R. 
(Received 4 March 1958) 
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taken into consideration this expression may 
provide a sufficiently accurate value for 
the concentration of current carriers, if 
the measurement of Hall effect is conducted 
at temperatures sufficiently distant from 
the Curie point. For this purpose we 
measured Hal] effect at 77°K. The results 
of measurements of Hall e.m.f. per unit 
length between Kall electrodes and unit den- 
sity of current at a temperature of 77°K are 
given in Fig.1. The ordinary Hall constant 
determined from data in Fig. 1, for Mn P 
compound, proved to be equal to fy =3x 
107* om3/coulomb, If one assumes that the 
manganese phosphide has carriers of only one 
sign, then the calculation of density of 
current carriers by formula R, = = gives 
a value of 2 x 107? em73, 

Curves E = E(H) plotted in the region of 
the Curie point (at T > @) are satis fac- 
torily represented by linear function of 
magnetization, 

The constant of extraordinary Hall effect, 
for all the manganese phosphides investiga- 
ted by us, diminishes with the decrease of 
temperature which should be observed for 
ferromagnetic substances with metal character 
of conduction as it follows from Karplus - 
Luttinger relation R,~~p” [5], where p is 
the electric resistivity and n the integer 
which can be determined from experimental 
data. 

We think, however, that in the region of 
very low temperatures R, will stop decreasing 
and will tend to some constant final value 
depending on the degree of purity of the 
material investigated i.e, R, as well as p 
will follow a rule similar to the Matissen 
rule, It would be desirable to verify this 
Sapposition by experimental investigation of 
Hall effect in ferromagnetic metals as a 
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function of various contents of admixtures in the 
region of low temperatures. 

3. Measurements of the effect of transverse 
and longitudinal magnetic fields upon the 
resistance of Mn - P alloys were carried out 
in the same specimens which were used for 
measuring Hall effect. The sign of R is 
negative for all the alloys investigated _ 
in transverse mail ),and longitudinal = ) 
fields, which can be explained as an influence 
of the paraprocess. 

Indeed, the results of measurements keep 
well within the typical relationships of 
parity effects pertaining to the region of the 
paraprocess. According to theoretical data 
[6] we have:AR/R—=aH”*s at the Curie point, 

AR/R=cH below the Curie point, and 
AR/R=bH#? above the Curie point. 

For example, in the alloy containing 50 at, 
% P (MnP) these relationships are well satis- 
fied for a=1,4x 1075 x (21°C); b=5x 10~'” 


(55°C), c=33,5x1077 (4,5°C), 


oersted 
Fig. 1. Hall’s e.m.f. as a function of magnecic 
field intensity for Mn P. 


> 


/ 


10° 


Fig, 2. — as a function of temperature for MnP: 


1-3; 2-9; 3- 15 and 4 - 19.2 koersted. 


Practically, the value of bent B does not 


differ from Bos! Hence, the orientation 


effect which is observed in ferromagnetic 
metals (for example in Ni) and is associated 
with the fact that the domains have higher 
resistance when the current flows parallel 
to their magnetization than across it does 


not exist in phosphides., 


The highest discrepancies between ek. 


and R+. way be attributed to usual changes 


of resistance in magnetic field which takes 
place in every substance and increases quad- 
ratically with the field intensity. The 


magnitude of the effect (AR) at a temperature 


of liquid nitrogen is much less than that at 
room temperature which may be explained as 
being due to a small contribution of the 
paraprocess which is insignificant at this 
temperature, Taking this circumstance into 
consideration enabled us to determine the 
constant or ordinary Hall effect (R,), @S Was 
mentioned above. 


In Fig. 2 ARs 

is shown for MnP, 
A 

The quantity = areaches maximum value 


as a function of temperature 


(order of magnitude isi:% for MnP) at a tem- 
perature of 22°C independently of the quan- 
titative composition of components of the 
alloy. This temperature of the maximum 
coincides with the break temperature of 
resistivity curves, It must be stressed that 
the temperature of the maximum value is not 
displaced by the variation of magnetic field 
applied which may also serve as a proof that 
there is no relationship of any kind between 
the Curie point of manganese phosphides and 
magnetic field intensity. 


Translated by B, Cynk 
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THE HALL EFFECT IN THE Mn-Sb SYSTEM* 


ILN. VASIL’ EVA, V.N. NOVOGRUDSKII, A.A. SAMOKHVALOV 
and I.G, FAKIDOV 


Institute of Metal Physics, Academy of Sciences of the U.S.S.R. 
(Received 28 October 1957) 


In plotting equilibrium diagrams it is 
frequently highly effective to make use of 
data on the electrical and magnetic proper- 
ties of the alloys under investigation, and 
less frequently of data on galvanomagnetic 
properties, although they are more structure- 
Sensitive, Results are given below for 
measurements of the Hall effect in the 
binary Mn-Sb system, as a function of compo- 
sition. 

According to the equilibrium diagram [1,2], 
Mn-Sb alloys in the composition range between 
0 and 50 at. % Mm represent a two-phase 
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Fig. 1. Relationship between Hall e.m.f. and 
external magnetic field strength, for Mn-Sb 
alloys of various compositions: 

1-noMn; 2- 15.3; 3 - 20.2; 4 - 28.0; 

5 - 31.7; 6 - 44.0; 7 - 49.6 at % Mm. 
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system consisting of the ferro-magnetic phase 
MnSb and free antimony. These components 
form a eutectic at roughly 20 at.% Mn. 

For the measurements, samples were prepared 
by melting finely-ground and sieved powders 
of Mn (99.8% pure) and Sb (99.88% pure) in 
evacuated quartz capsules, 

It was found that the phase constitutions 
of the present alloys agree with the phase 
constitutions 28.0: 31.7: 44.0 and 49.6 
at. % The phase constitution of the speci- 
mens was determined on micro-sectims, It 
was found that the phase constitutions of the 
present alloys agree with those of the alloys 
prepared ty Murakami and Hatta [2]. Measure- 
ments of the Hall effect were carried out on 
a Disselkhorst compensator, with a gal vano- 
meter sensitivity of 4 x 107® V/division. 
Fig. 1 shows the relationship between the 
Hall e.m.f, and the external magnetic field 
strength, for specimens of the compositions 
given above, It can be seen from the figure 


x 1020 


V(em) 
A(oersted) 


A(oersted) 


0 10° 2 0040 30 
Mu content, at.% 


Ro 
4 


Fig. 2. Relationship between the Hall constants R, 
and Ry and the composition of Mn-Sb alloys. 
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that the Hall effect curves are of the typical 
ferromagnetic fom. With increasing antimony 
content in the alloy, the Hall emf. in- 
creases, whilst the Hall effect curve gradually 
takes on a linear form. The relationships 
between the “normal” component of the Hall 
constant, R,, which is proportional to the 
magnetic field strength, the ferromagnetic 
component R,, proportional to the magnetization 
of the specimens, and the composition, is shown 
in Fig.2. The graph indicates that R, is in 
the main linearly dependent on manganese 
content, but near the composition corresponding 
to the eutectic there is a minimum. The Kall 


constant R, increases with increasing Mn 
content, according to a roughly quadratic law. 
From the data obtained it can be concluded 
that the Hall constant R, is a sensitive 
indicator of the presence of a eutectic in the 


Sb-MnSb system. It should be noted that 
measurements of the magnetic [3] and 
electrical characteristics of alloys in the 
Mn-Sb system, and measurements of elec- 
trical resistivity in a magnetic field, have 
shown no peculiarities at the eutectic 


point. 
Thus, the Hal] constant is more sensitive 


to the phase constitution of the system 
than the properties referred to above, 


Translatea by E, Bishop 
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ON THE EFFECT OF HEATING RATE ON THE RECRYSTALLIZATION 
TEXTURE OF TRANSFORMER STEEL* 
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N.M. RODIGIN and B.G. SAZANOV 
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of the U.S.S.R. 
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In connexion with the development of a 
method of heat treating moving steel strip by 
induction heating, we have investigated the 
kinetics of the processes which take place 
during the rapid heating of cold-rolled strip 
of various grades, namely carbon, dynamo, 
transformer and stainless steels. 

It was found that recrystallization and 
grain growth take place at a very high speed. 
Thus, for example, recrystallization can be 
accomplished in less than 0,12 sec, including 
the heating time. This makes it possible to 
anneal cold-rolled strip of all the types 
mentioned above, except transformer steel, by 
electrical heating at high rates and within 
a short space of time, to conform to all the 
properties specified in the GOST standard. 

As regards transformer steel, a study was 
made of the additional effect of heating rate 
on the quality of texture; attention is 
concentrated on this point in the present 
paper. 

The investigation was carried out on 
industrial strips, 0.5 and 0.35 mm thick 
(silicon content 3.0 - 3.2 per cent), made by 
cold rolling twice, with an intermediate 
800-850°C anneal; the relative reduction for 
each rolling was 50-€0 per cent. The 
specimens for investigation were selected from 
casts giving widely different properties in 
the finished product during manufacture. 

The specimens were heated to 1000-1300°C in 
an ordinary furnace and in a salt-bath, with 
various holding times between 1 sec and 15 
min, and also by the direct passage of elec- 
trical current through the specimens, In all 
cases, the specimens were air-cooled after 
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heating, The heating rates varied from 1°C/ 
min to 1000°C/sec. 

As a result of the work carried out it was 
found that: (1) As the heating rate is 
increased, there is a continuous reduction in 
the degree of attainment of the texture which 
can be produced at the temperatures concemed. 
The use of holding in this case leads to a 
very minor improvement in texture quality, On 
heating at rates of the order of 1°C/min, the 
degree of attainment of texture is 95 per 
cent, whereas at heating rates of 300-1000°C/ 
sec it does not exceed 25-30 per cent, It 
should also be noted that the heating rate 
does not affect the type of texture; under 
all heating conditions it is characterized by 
the predominance of the {110} <001> texture, 

(2) At heating rates of 300-1000°/sec C up 
to temperatures of 1000-1300°C, the grain size 
increases to values commensurate with the 
sheet thickness; consequently, with increasing 
heating rate grain growth in a general is not 
suppressed, merely the preferential growth of 
grains of a certain orientation. 

(3) What has been stated in (1) refers to 
casts which give high-quality texture and high 
magnetic properties under industrial conditions, 
In specimens from casts which give poor 
magnetic properties, all heating conditions 
produce a relatively low degree of attainment 
of texture, never exceeding 50 per cent at 
best. The type of texture in specimens from 
this group of casts is also characterized mainly 
ty the predominance of the {130} <001> orien- 
tation, The use of slow heating for these 
casts gives a very minor advantage against 
rapid heating with respect to the extent to 
which texture- forming processes develop, 

The question of the effect of heating rate on 
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the formation of recrystallization texture in 
cold-rolled material has not been dealt with 
hitherto in the literature. A paper appeared 
recently [1], in which data are given on the 
kinetics of the texture-forming process at 
various temperatures, The results in this 
paper agree indirectly with the present in- 
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vestigation, 
Translated by §, Bishop 
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EFFECT OF PLASTIC DEFORMATION 


IN THE AUSTENITIC 


STATE ON THE NATURE OF THE FRACTURE IN STEEL 
35KHGSA 


IN THE TEMPER-BRITTLE CONDITION* 


E.N. SOKOLKOV and §.N. PETROVA 
Institute of Metal Physics, Academy of Sciences of the U.5.S.R. 
(Received 21 December 1957) 


The plastic deformation of metals in the 
austenitic state at the time of quenching, 
under conditions which prevent recrystalli- 
zation of the work-hardened austenite, leads 
to a reduction in the development of temper 
brittleness [1,2]. There is then observed 
both a lowering of the brittle transition 
temper and a suppression of rupture along the 
boundaries of the austenite grains in exis- 
tence prior to quenching the steel, which is 
characteristic of temper brittleness [3]. In 
serial tests, steel which has been subjected 
to thermo-mechanical treatment, on coming into 
the brittle fracture range, fractures with 
the cracks extending not along the austenite 
grain boundaries, as after ordinary quenching, 
but through the body of the grains. Brittle 
fracture on the austenite grain boundaries 
does not occur even when the test temperature 
is brought down to -195°C [3]. The con- 
clusions drawn regarding the nature of the 
fracture were based m a study of the fracture 
appearance, using a microscope at 5x mag- 
nification, The unequivocality of these 
conclusions is to some extent subjective, and 
thus merited special examination. 

With this in mind, a comparative study has 
been made of the fracture of steel 35KHGSA 
in the brittle condition, after ordinary 
quenching and after thermomechanical treat- 
ment, using the known technique of fractur- 
ing the specimen at a sufficiently low tem- 
perature, a section having previously been 
prepared and etched (4]. 

In order best to observe the features of 
brittle fracture, the heating temperature 
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for quenching was taken as 1250°C, The 
plastic deformation for the thermomechani- 
cal treatment was carried out at 900°C 
(after cooling from 1250°C); it was 
necessary to lower the deformation tempera- 
ture to facilitate suppression of recrys- 
tallization in the work-hardened austenite, 
since the exclusion of recrystallization is 
an important condition for carrying out 
thermomechanical treatment. Deformation 
was carried out by rolling on a laboratory 
hand mill from 10 x 10 m section to 8.5 

x 8.5 mm, a reduction of 28 per cent, The 
rolling speed was 5.7 m/min. Control 
specimens were also quenched after heating 
to 1250° and cooling to 900°C, The 

contro] and deformed specimens were 
tempered for 4 hr at a temperature of 
550°C, 

On one of the faces of the specimen 
perpendicular to the axis of the notch, a 
section was prepared and etched in a xylene 
solution of picric acid, to develop the 
austenite grain structure. 

Fig. 1 is a photograph of the structure 
in the area of probable crack propagation in 
a specimen subjected to thermomechanical 
treatment, Fig. 2 is a photograph of the 
same area of the section, after fracturing 
the specimen at a temperature of -195°C, 
Whereas in a normally quenched specimen the 
fracture passes along the austenite grain 
boundaries, as they existed when the steel 
was heated prior to quenching*, a specimen 
deformed at 900°C and quenched under 


* S.F. Inur’ev and Z.I. Kusnitsina [4] clearly 
demonstrated this by the technique under dis- 
cussion, 
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Fig. 1. Microstructure of a specimen after thermo- 
mechanical treatment, in the area of probable 
fracture propagation. x 83. 


conditions which prevent the work-hardened 
austenite from recrystallizing, fractures in 
such a manner that the fracture cracks no- 
where coincide with the austenite grain 
boundaries, i.e,, the fracture passes through 
the body of the grains (see Figs. 1 and 2). 

In Fig. 1 a line of separation is shown 
dotted; this reproduces the fracture boundary 
in accordance with Fig. 2. 

Thus it can be regarded as established that 
when plastic deformation in the austenitic 
state is combined with quenching under con- 
ditions in which temper brittleness is 
observed, the characteristic brittle fracture 
along the austenite grain boundaries is sup- 
pressed. 

We must not omit consideration of the 
connexion between this fact and the structural 
changes which take place when the thermomechan- 
ical treatment under.consideration is used. 
These changes usually involve major distor- 
tions in the shape of the austenite grain 
boundaries, i.e. the formation of a well- 
developed toothed outline, with a pitch many 
times smaller than the transverse size of the 
grain (10-20 y,, Fig. 3). In some cases, 


Fig. 2. Microstructure of the same area in the 
specimen shown in Fig. 1, after fracture. x 
83. 


however, this toothed formation is not obser- 


ved. As special experiments demonstrated, 
this is a function of the temperature of 
Plastic deformation. We shall not specially 
consider this question, but point out that 
localization of the strain in the austenite 
grain boundaries, which occurs over quite a 
wide range of deformation temperatures, is 
most favourable from the point of view of 
this effect of thermomechanical treatment in 
the case of toothed outline formation, 

It has previously been suggested that 
localization of the plastic strain on the 
austenite grain boundaries leads to changes 
in the intergranular transition zones and 
adjacent areas, such as are apt to alter the 
condition and precipitation habit of phases 
responsible for the development of brittle- 
ness [1]. Actually, as can now be seen, the 
austenite grain boundary distortions under 
consideration (Fig. 3) cannot fail] to alter 
the character of the precipitation of what- 
ever constituents are responsible for the 
development of temper brittleness, Under the 
circumstances, it is impossible to form 
embrittling constituents of a film, laminar 
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or network character, thus preventing brittle 
fracture cracks from propagating along the 
austenite grain boundaries, as occurs after 
ordinary quenching, 


Appearance of an austenite grain boundary 
x 880. 


Fig. 3. 
after thermomechanical treatment. 


However, it must not be imagined that the 
suppression of austenite grain boundary 


fracture completely eliminates the develop- 
ment of temper brittleness. As the special 
experiments indicated, steel] which has 
undergone thermomechanical treatment is still, 


albeit to a very insignificant extent, sensi- 
tive to cooling rate following high tempera- 
ture tempering, This may serve as the basis 
for a conclusion which is of importance in 
the theory of temper brittleness: the 
processes which give rise to temper brittle- 
ness, whilst occurring mainly along the 
austenite grain boundaries, also take place 
over the entire volume, although the scale 
of these processes is apparently minor. 


Translated by EE, Bishop 
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ON THE EFFECT OF BORON ON THE NATURE OF THE CARBIDE 


PRECIPITATION 


IN AUSTENITIC STEEL ON TEMPERING* 


V.V. LEVITIN and V.I. SYREISHCHIKOVA 
Urals Ferrous Metals Scientific Research Institute 
(Received 12 May 1958) 


The heating of austenitic stainless steels, 
containing carbon in solid solution, to ten- 
peratures of 500 to 850°C causes the formation 
of chromium carbides at the grain boundaries, 
as a result of which the steel becomes liable 
to intergranular corrosion. 

We have examined the effect of small boron 
additions on the nature of the carbide phase 
precipitation on tempering and on the sus- 
ceptibility to intergranular corrosion of a 
nitrogen- bearing chromium-manganese-nicke]l 
steel. The same steel] was investigated in [1] 
and [2]. 

Ingots to which various amounts of boron 
had been added, were melted in a high frequency 
furnace and forged down to bar. The specimens 
prepared from the bars for metallographic 
examination and grain-boundary corrosion 
testing were heated to various temperatures in 
the range 950 to 1250°C, held for 1 hr and 
water-quenched. Tempering was carried out 
under the generally accepted conditions [3], 
namely for 2 hr at 650°C, The susceptibility 


Fig. la and b. 


to intergranular corrosion was determined on 
cylindrical specimens 3.4 mm dia after 
boiling in the standard solution [3], from 
the loss of metallic timbre on dropping the 
specimen, and from the increment in electrical 
resistivity. 

The investigation revealed that boron 
retards the process of carbide network 
formation at the austenite grain boundaries. 
In the boron-free steel, a 2 hr temper at 
650°C causes the formation of a continuous 
carbide network along the grain boundaries 
(Fig. 1a). In the steel containing 0.004% B, 
the carbide phase precipitates in the form of 
separate particles; the grain boundaries. 
remain clear over a considerable distance 
(Fig. 1b). 

At concentrations below 0.003 per cent or 
above 0.010 per cent, boron has no effect on 
the process of carbide network formation. 

The breakdown of the solid solution at the 
grain boundaries is retarded under the 
influence of boron if the heating prior to 
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Microstructure of steel after quenching from 


1100°C and tempering 2 hr at 850°C; x 300. 


a — boron-free steel; 
7, No.2, 308-310 1959. 
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TABLE 1 


Results of intercrystalline corrosion tests on steels quenched 
from 1100°C and tempered at 650°C 


Electrical composition % Relative 
increase in Timbre on 
specific dropping 
electrical specimen 
resistivity, % 


Susceptibility 
to 
intercrystalline 
cor rosion 


Susceptible 
Suscepitble 
Not susceptible 
Not susceptible 
Susceptible 


61 0.11 17.3 7.9 4.0 0. 24 - Non-metallic 
69 0.13 14.6 9.3 4.7 0.26 0. 001 Non-metallic 
e7 0.10 17.0 1.9 4.6 0.24 0.004 Metallic 
44 0.09 16.2 7.6 5.7 0.25 0.010 Metallic 
58 0.10 17.7 7.3 4.4 0.23 0.050 Non-metallic 


quenching is carried out at temperatures 
between 1075 and 1150°C. With higher and 
and lower quenching temperatures the forma- 
tion of a carbide network takes place just 
as in steel without added boron, 

The effect of boron is more pronounced as 
the carbon content of the steel is reduced: 
in steel] containing 0,06% C, boron almost 
completely eliminates the formation of 
carbides as observed by means of the optical 
microscope; at a carbon content of 0.14 per 
cent, the effect of boron is slight, 

From Table 1 it can ve seen that steels 
containing opvtimum amounts of boron pass the. 
intercrystalline corrosion test laid down in 
standard GOST 6032-51. 

The results obtained in the investigation 


agree with the ideas developed by V.I. Arkharov 


on the preferential] siting of impurities at 
the grain boundaries because of the tendency 
of alloys to minimize excess surface energy 
({4] and others). According to Arkharov [5], 
the mechanism underlying the effect of boron 
on the hardenability of constructional steels 
is that enrichment of the inter-crystal boun- 
daries with boron leads to a reduction of 
crystal lattice distortion, as a result of 
which the energy of formation for critical 
precipitate nuclei is increased. This ex- 
planation can also apparently be applied to 
the effect revealed in the present work. The 
reduction of diffusion rate in the grain- 
boundary zone [6], in this case, that of 
carbon under the influence of boron, and the 


ejection of carbon from the grain boundary 
zones, may be additional factors which 
influence the retardation in carbide particle 
formation, 

We note that boron retards the precipitation 
of excess phases from austenite of different 
compositions (carbon and alloy steels, austen- 
itic steel). The surface activity of boron is 
exhibited in nickel-base alloys [7] and in 
iron [8]. Amongst the factors which affect 
intercrystalline adsorption [9], in the case 
of boron, obviously, the geometrical] factor is 
decisive, The atomic radius of boron is less 
than that of atoms which form substitutional 
solid solutions in the alloys referred to, 
but greater than that of atoms which dissolve 
interstitially. This must lead to a higher 
solubility for boron in the distorted grain 
boundary zones, as against its solubility in 
the bulk of the grain, Apparently, in the 
building up of the inter-crystalline boun- 
daries, boron atoms play the part of a finer 
“structural material’ than the metal atoms, 
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FEATURES OF RECRYSTALLIZATION DURING RAPID HEATING* 
L.G. L’ VOV 
Kiev Polytechnic Institute 
(Received 9 April 1958) 


As a result of observations on changes in 
the structure and properties of cold-worked 
low-carbon steel during rapid heating in the 
critical range of temperatures, a number of 
features were observed, the utilization of 
which in industry may prove worthwhile. 

Specimens of steel] O8KP, 1 mm thick, which 
had been cold-rolled to 60 per cent reduc- 
tion, were heated in the inductor of a high- 
frequency set at rates between 1250 and 
2500°C/sec, briefly held at various tempera- 
tures and water-spray quenched. The maximum 
possible error in readings of the holding 
time was well under 0.1 sec. 

Isothermal holding in the range 500-850°C 
proved to have a considerable accelerating 
effect on the process at higher temperatures, 
which accords with ideas on the exponential 
relationship between reaction rate and tem- 
perature. On rapid heating and holding in 
the critica] temperature range, recrystal- 
lization is completed within less than 1 sec 
(Fig. 1), and the meta] takes on properties 
appropriate to the recrystallized condition. 
Further increase in holding time, when 
followed by rapid cooling, leads to the 
specimens again becoming stronger. From 
studies of the structure it was established 
that the ferrite-carbide structure which forms 
when recrystallization is completed, is 
replaced by a new structure, characterized by 
the presence of an acicular constituent 
(Fig. 2) formed as a result of the diffusion 
solution of the carbides when the specimens 
are held for longer periods in the critical 
temperature range. 

Specimens heated with holding timesless than 
that required for carbide solution to commence, 
are not liable to subsequent ageing. 

The results of the experiments make it 
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%, Hy in kg/mm? 


/ 
Time, secs 
Fig. 1. Changes in the properties of cold-rolled 
steel O8KP as a result of heating at a rate of 
1500°C/sec to 850°C and holding for various 
periods. 


Fig. 2. Structure of a specimen held for 3.5 sec 
(see Fig. 1). Ferrite plus acicular constituent; 


x 2500. 


possible to conclude that on rapid heating to 
temperatures within the critica] range, it is 
possible greatly to accelerate the recrystal - 
lization process, to make a division in time 
between the processes of recrystallization and 
of carbide solution, and, by using the rapid 
recrystallization together together with 
accelerated cooling, to produce non-ageing 
metal. 


Translated by E Bishop 
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PHASE 


Many scientific investigations have been 
devoted to problems of the ageing embrittle- 
ment of transformer steel, tut the causes of 
embrittlement and the way to eliminate it 

are as yet unknown, The majority of inves- 
tigators suggest that brittleess arises in 
steel as a result of the formation of cemen- 
tite at the grain boundaries. Metal lographic 
examination of sections of transformer steel 
at high magnifications confirms the presence 
of some phase which envelops the grains of 
steel] in the form of a thin film. Obviously 
the crux of the entire problem is the chemical 
composition of this intercrystalline phase. 
however, the chemical nature of this phase 

is unknown, since ordinary methods of 
chemical] analysis are here wnsuitable. 

To elucidate the chemical nature of the 
intercrystalline phase in transformer steel, 
the author has used a special analysis 
developed by him [1] which does not require 
chips or drillings, 

The experimental technique was as follows. 
Strips of brittle transformer steel, 30 mm 
in width and 0.35 thick, were broken in two 
Since the brittleness is due to the presence 
of an intercrystalline phase, the newly 
formed fracture face passes between the 
grains of steel, The intercrystalline phase 
is exposed on the fracture. 

The original surfaces of the plate were 
coated with type BF-2 adhesive, leaving the 
fracture face exposed. The end of the plate 
with the fracture face was then placed in a 
platinum boat, in which dilute (2:3) nitric 
acid had previously been poured, Special 
tests showed that the dilute nitric acid 
does not attack the metal protected with a 
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ON THE CHEMICAL NATURE OF THE 
IN TRANSFORMER STEEL” 
A.G. LOSHKAREV 
Sverdlovsk Mining Institute 
(Received 30 December 1957) 


INTERCRYSTALLINE 


BF-2 adhesive layer, within 10 min. 

In the liquid sample thus obtained there 
was present only the mixture from the 
fracture face. With decreasing time of 
solution the chemical composition of the 
sample should correspond increasingly 
closely to that of the intercrystalline 
phase, 

As the solution time was decreased, the 
number of plates from which the sample was 
collected was increased. At a solution time 
of 5 min only one plate was taken, whereas 
at 1 min, ten plates were used. 

On the samples obtained, determinations 
were then made of the iron, silicon, phos- 
phorus and titanium, using the technique [1]. 
Titanium was not detected in the sample. As 
for phosphorus, it was either absent (with a 
short solution time) or present in normal] 
amounts, i.e. 0.012 - 0.018 per cent (5-7 
min solution). 

As the solution time is decreased, the 
silicon content increases from 4.8 to 20.0 
per cent (see Table 1). As the tabulated 
data indicate, with deep etching, the sample 
reproduces the normal average composition for 
transformer steel (4.0 - 4.5 per cent). 
Short-time etching brings into the sample a 
thin film of alloy, approaching the chemical] 
composition of the inter-crystalline phase. 

If it is assumed that the silicon in the 
intercrystalline phase is present in the 
form of a chemical compound with iron, then a 
silicon content in the intercrystalline phase 
of 20 per cent (for the 1 min solution) 
corresponds to the formula Fe,Si. This is in 
excellent accord with the Fe-Si phase diagram, 
which records the formation of iron silicide, 
Fe, Si, at silicon contents of up to 20 per 
cent. 
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TABLE 1 


Silicon content of “Analysis without tumings” samples taken from 
fracture faces of transformer steel* 


Solution 


Composition of sample mg 


Silicon 


time min Iron 


Silicon content % 


4,640 
1,800 
0.916 
0.575 


0. 236 4.84 
0.195 10.00 
0.216 19.10 
0.144 20.00 


* The analysis was carried out by laboratory student G.A. Karel’ skaia. 


Thus; the intercrystalline phase in trans- 
former steel is iron silicide, Fe, Si. It 
should be emphasized that iron silicide 
always forms at silicon contents up to 20 per 
cent, but it apparently produces an inter- 
crystalline phase, first, under suitable 
thermal conditions and.secondly, with 
increasing readiness as the silicon content 
of the steel is increased. 

It appears to us that the main condition 


for preventing the formation of an inter- 
crystalline iron silicide phase is to process 
transformer steel] under appropriate thermal 
conditions; for example, the billets should 
be cooled at an adequate rate and then cold- 
rolled to sheet. 

Translated by E Bishop 
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ON THE ROLE OF SECONDARY RECRYSTALLIZATION ON 
TEXTURE=FORMATION DURING THE ANNEALING OF 
COLD-ROLLED TRANSFORMER STEEL* 

L.V. MIRONOV and G.N. SHUDBIN 
Urals Ferrous Metals Institute 
Verkh - Isetsk Metallurgical "actory 
(Received 9 April 1958) 


In the problem of texture-formation in 
cold-rolled transformer steel, much attention 
is paid to the role of collective recrystal- 
lization [1-5]. As a result of these inves- 


(a) It was found that on heating to ten- 
peratures above 900°C, cold-rolled trans- 
former steel undergoes secondary crystal- 
lization, which at present is regarded as 


tigations more and more basis is being found the main cause of grain growth, During VOL 
for the point of view, according to which secondary crystallization, conditions are 7 
the degree of attainment of texture during set up for the selective growth of oriented 195 


collective recrystallization must increase, 
if the latter is not complicated by any side 
phenomena, 

In [4] data are given on the changes in 


texture of transformer steel] during the 
process of collective recrystallization, and 
an attempt is made to explain why grain 
growth during annealing leads to a more 
pronounced recrystallization texture. The 
increase the authors were able to observe 
in the degree of attainment of texture during 
collective recrystallization consisted in a 
change in the relative volumes of oriented 
grains from 15 per cent (annealing at 700°C) 
to 26 per cent (annealing at 1200°C). 

Under industrial conditions, however, the 
degree of attainment of texture in cold- 
rolled transformer steel is 80-90 per cent. 
Therefore, the existing explanations of the 
laws governing texture-formation are 
inadequate since they do not cover all the 
phenomena encountered during the annealing 
of texturized steel. 

In this connexion there may be some 
interest in results we have obtained in 
studying the kinetics of texture formation 
in industrial cold-rolled transformer steel 
at various heating rates and temperatures, 
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grains in a definite manner, and it therefore 
plays a decisive part in influencing the 
degree of attainment of texture, 

After the completion of the recrystalliza- 
tion treatment, a recrystallized texture is 
set up in cold-rolled transformer steel which 
is intensified as a result of grain growth, 
The quantitative increase in the degree of 
attainment of texture then depends on the 
collective recrystallization mechanism, If 
noma] uninterrupted grain growth occurs, the 
degree of texturization only increases 
slightly, say from 15-20 to 30-35 per cent. 
However, if secondary recrystallization 
occurs, it is possible to raise the degree of 
attainment of texture very considerably, In 
poth cases the increased texturization is due 
to grains with the (110) [001) orientation, 
(b) The highest degree of texturization is 
obtained when the temperature at the start of 
secondary recrystallization is 900-950°C. In 
this temperature range growth occurs in a 
smal] number of accurately oriented grains, 
the “growth centres’, which during holding 
attain considerable size (up to several 
hundred mm*); as a result a high degree of 
texturization is achieved, namely up to 90-95 
per cent. Due to the limited number of 
“growth centres” and the relatively low 
linear grain growth rate, the process takes 
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place slowly and long holding times of 4-6 hr 
are required for its completion. When the 
heating temperature is raised to 1100-1200°C, 
the number of “growth centres” increases, but 
the accuracy of their orientation is reduced, 
and fine-grained material is therefore 
obtained, with a low degree of texturization 
(40-45 per cent). The grain growth process 
is speeded up but the final texture level is 
reduced, 

Thus, the relationship between degree of 
attainment of texture and temperature of iso- 
thermal annealing is in the form of a curve 
with a maximum situated at the temperature at 
which secondary recrystallization commences. 
(c) The results obtained are capable of 
explaining the deterioration in texturization 
at increased heating rates; during slow 
heating the secondary recrystallization is 
completed under conditions which favour the 
formation of high quality texture, whereas on 
heating rapidly, it is transferred to a higher 
temperature range where there are formed many 
“srowth centres” with less accurate orienta- 
tion. 

Therefore, a necessary condition for the 
production of highly texturized cold-rolled 
transformer steel is a sufficiently slow rate 
of heating during the annealing process. For 
example, heating at rates of 30 to 60 
degrees/hr ensures that secondary recrystal- 
lization takes place in the favourable 
temperature range, At higher heating rates 
(100°/hr and over) it is preferable to carry 
out the heating in stages, with an inter- 
mediate halt at temperatures of 925-930°C 
[3]. 

(d) The industrial strip steel on which the 
results presented were obtained, was produced 
by two-stage rolling with an intermediate 
anneal; the total relative reduction for 
each stage of rolling was 50-60 per cent. 


The results of special investigations in- 
dicate that the phenomenon of secondary 
recrystallization, with a sharp jncrease in 
the (110) [001] texture is also observed on 
single-stage rolling with relative reductions 
exceeding 75 per cent. The difference from 
two-stage rolling consists in that, with 
single-stage rolling, the secondary recrys- 
tallization process, with the formation of 
accurately oriented ‘“‘growth centres”, 
commences at lower temperatures and requires 
longer holding times, up to 8-12 hr, for its 
completion. Apparently, this situation has 
been responsible for the spread of the view 
that high-quality recrystallization textures 
cannot be obtained by single-stage rolling, 

The part played by the intermediate anneal 
is not only to displace the Type 1 recrystal- 
lization texture to a higher range of 
deformations, as has been shown in [4], but 
also in its effect on the kinetics of 
secondary recrystallization during the final 
anneal. From this point of view, the inter- 
mediate annealing temperature must be of 
great importance, as was pointed out in 
reference [2]. 


Translated by &, Bishop 


REFERENCES 


. Paldwin, Metals Tech., 9, No.3, 1455 (1942). 
2. A.L. Gold’man and V.V. Druzhinin, In the 
A.F. Joffe 70-year Jubilee Volume, Academy of 
Sciences Press (1950). 

. L.V. Mironov and G.N. Shubin, Builleten’ 
informatsit Ural’skogo inst. chern. met., 
No.2 (1957). 

. K.V. Grigorov, G.P. Blokhin and E.A. Zakutner, 
Fiz. met. metalloved., 4, No.3 (1957). 

. F. Assmus, Z. Metallkde, No.6 (1957). 


159 
VOL. 
7 
1959 


UNIVERSAL TENSILE TESTING MACHINE (UPR) * 
L. I. VASIL’ EV 
Siberia Physicotechnical Institute, Tomsk State University 
(Received 21 May 1957) 


The testing machine to be described is Polyani machine. The availability of a 
capable of carrying out three main types of selection of dynamometer spring of varying 
mechanical test under plastic extension: rigidity, and the possibility of varying the 
(1) extension at constant velocity; (2) distance between the supporting prisms 1 
extension under constant load (stress); (3) makes it possible to use a variety of load 
relaxation testing. The machine is a labora- ranges (usually up to 40-50 kg) and to vary 
tory type, of smal] dimensions (40 x 50 x 70 the scale on the load axisof the load-strain 
em, excluding motors) and is intended for diagram, The displacement of the lower 
work on single crystal and polycrystalline shackle is recorded on a geared dial operated 
testpieces of small cross-section and of hy screw 4 and (roughly) on scale 5. The 
length up to 200 mm. accuracy of the strain measurement is to 0.01 


nm. For convenience in plotting load-strain 
curves point by point, each 0.5 mm of strain 
is signalled by a sound or optical] signal, 
through the medium of electro-contact device 
6. 

The displacement rate for the lower shackle 
can vary within the range 0.014 to 14 mm/min, 
In case of need, by introducing auxiliary 
reducing gears, the speed range can be 
extended (mainly in the low speed direction). 
Special device 7 makes it possible to change 
over from one strain rate to another rapidly 
(circa 1 sec) during the straining process. 

The device 8 makes it possible, by rotating 
hand lever 9, at any point in a test, to 
reduce the tensile load to any desired value, 
and in particular, to take the load off the 


Fig. 1. =xternal view of machine (less the testpiece entirely. This is brought about by 
electric motor) loading the dynamometer spring, by means of 
balance beam 10, with weights 11.. The weight 
In testing at constant strain rate (Fig. 1) Q of the balance beam plus weights, necessary 
the load is measured hy means of an elastic to reduce the force P acting on the testpiece 
dynamometer in the form of a flat spring, at the given stage of deformation to the 
resting on two prisms 7 and fitted with & required value P’, is calculated from the 
mirror 2 Tensile strain is produced by approximate formula [1]: 
displacing the lower shackle 3, connected to 
micrometer screw 4, In this respect the Q 


machine operates in a similar manner to the 
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where ‘. is the volume of the testpiece 
gauge-length, 

1 its length at the instant concemed, 

£ the Young’s modulus of the test 
material, 

A the “rigidity” of the spring (the 
constant of proportionality between 
the load and bend) 

The device & also makes it possible to 
increase the tensile force suddenly (in this 
case the spring is loaded with weights before- 
hand); it is convenient also when calibrating 
the springs. 

When dynamometer springs of sufficient 
rigidity are used, the instrument is capable 
of carrying out relaxation tests, in particu- 
lar in the study of the relationships between 
relaxation capacity, initial load and extent 
and speed of prior strain. 

Load-strain and relaxation curves cannot 
only be recorded point by point, but also 
charged automatically. In the latter case, 
the charting is carried out photographically 
by a beam of light, reflected from mirror 2 
on to sensitized paper wrapped on a drum 
rotating at constant velocity (since the 
testpieces are strained at constant velocity, 
the changes in load with time recorded on the 
sensitized paper are similar to changes in 
load with degree of strain). By varying the 
drum rotation speed, the scale can be varied 
on the strain axis in recording extension 
curves, and on the time axis in recording 
relaxation curves. By automatic charting it 
is possible to record high-speed processes, 
particularly the initial sections of relaxa- 
tion curves, and to pinpoint fine details in 
load-strain curves with sudden jumps in 
strain and changes in strain rate. 

By the simple replacement of a single 
component (beam 72) by another component, 
the machine can be prepared for constant load 
testing (Fig. 2). The load is transmitted 
to the testpiece by means of lever 13, 
supported on a knife-edge*. On rotating 


* This method transmitting loads has been used 
since 1949, following-a recommendation of 
M.V. Iakutovich. In the first version of the 
machine, the load was transmitted by means of 
a cord passed round two pulley blocks. 


handle 14, bracket 15 falls gently away, 
releasing loaded rod 16 and thus loading the 
testpiece. The elongation (displacement of 
upper shackle 17) is measured by means of 
mirror 1%), Elongation-time curves can, as 
before, be recorded point or photographically. 


Fig. 2. External view of machine for constant 
load tests. 


Fig. 3. Sketch of low (high) temperature test 
arrangements, 
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For smal] strains, the elongation takes 
place at practically constant stress. By 
using a lever with a suitable radius of 
curvature in arm A*, strain under constant 
stress can be effected even over a wide 
range of strains. The machine is also 
capable of use for the study of relationships 
between strain under constant load (stress) 
and conditions of prior strain at constant 
velocity. 

All the mechanical tests referred to can 
be carried out with the testpiece surrounded 
by a medium at low (or high) temperature. In 
this case (Fig. 3) the upper shackle 17 is 
connected to the frame 19, with a knife-edge 
resting on the dynamometer spring 20, by 
means of rod 21, which passes through an axial 
hole in micrometer screw 4. Lower shackle 3 
is fixed to the base of a tubular framework 
29, screwed into the bottom end of bush 23, 
which is fitted in a cylindrical cavity in 
support plate 24 and is coaxial with the 
micrometer screw. Thus, downwards displace- 


ment of the micrometer screw, causing vertical 
displacement of bush 23 relative to frame 22 


as before produces elongation of testpiece 
95. Vessel 26 containing refrigerant liquid, 


or an electric furnace, is pushed on to the 
testpiece frame. To the lower part of bush 
23 is fitted a small electric heater 27, 
which acts as a temperature seal. In high 
temperature tests, the tubular frame used 
has double walls between which water can be 
circulated. Bolts 28, which pass freely 
through holes in disk 29, prevent the 
system of frame 2? and bush 23 from fal- 
ling in case the testpiece fractures, 

In recent years, numerous investigations 
into the mechanical properties of metals 
and alloys have been carried out on UPR 
machines, 
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* Or in arm B of lever 13 (see Fig.2). 
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EFFECT OF THE DECOMPOSITION OF LEBOITE ON THE 


ELECTRICAL PROPERTIES OF 


|RON-SILICON ALLOYS* 


A.I. GOL’ DBERG, V.A. LIPATOVA and P.V. GEL’ D 
Urals “Kirov’’ Polytechnic Institute 
(Received t9 February 1958) 


In investigations published earlier [i-4] 
it has been shown that leboite, and also the 
disilicides of chromium and manganese, possess 
semi-conducting characteristics. 

In connexion with this, and also having 
regard to the very low thermal conductivity 
of the disilicides [3,7], an investigation 
has been carried out on the effect of compo- 
sition on the thermoelectric e.mf., the Hall 
constant, and the electrical conductivity of 
alloys in the Fe-Si system. The measurements 
were carried out at room temperature, on cast 
cylindrical specimens. To retain the high- 
temperature a-leboite, the alloys were 
annealed for 4 hr at 1000°C and then quenched 
in water. To stabilize the B-leboite, as 
cast specimens were annealed for 10-12 hr 
at 800°C, followed by slow cooling in the 
furnace (8]. 

The Hall e.m f. was studied at magnetic 
field strengths between 17,000 and 23,000 
oersted. Even effects and e.m.f. were 
excluded by the generally used methods. The 
electrical resistivity and thermo-electric 
e.m.f. of the specimens were measured along- 
side the Hall effect investigation by 
methods described previously [1]. 

The investigations showed that the 
electrical properties of iron-silicon alloys 
are highly sensitive to the phase condition 
of the leboite. It was revealed that the 
high temperature a-phase is characterized 
by values of specific electrical resistivity, 
Hall constant and total] thermo-electric 
e.m.f. which are of the order of 1000 times 
smaller than those of the low-temperature 
B -leboite. 
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The thermoelectric e.mf, is highly 
dependent on alloy composition. Remaining 
relatively low for smal] leboite contents, 
it rapidly increases as the composition 
approaches the stoichiometric value for 
B -leboite, beyond which it again falls off 
sharply, altering sign above 55 wt.% Si. 

Extreme dependence on composition is also 
a feature of other properties of the alloys 
under investigation. In particular, as can 
be seen from Fig. 1, the isotherms of 
specific electrical resistivity p and of Hall 
constant R, are similar in shape to the 
thermoelectric e.m.f. isotherms, A striking 
feature is that the maxima on the three 
isotherms practically coincide; the compo- 
sition limits at which the various properties 
of the alloy fall off rapidly are also quite 
close. This fact gives added basis to the 
suggestion that B-leboite contains roughly 
50-51 wt.% silicon. 


The high values of a, p and it, confirm 
that B-leboite, like the disilicides of a 
number of other metals (Mn, Cr, etc.) is a 
semiconductor [i]. 

The data given above are insufficient to 
decide the sign of the current carriers, 
since in the alloys examined there is 
probably mixed conduction. However, in 
alloys containing up to 55 wt % Si, appar- 
ently, the hole mechanism of conduction 
predominates. In particular, if it is 
assumed that this mechanism alone is charac- 
teristic of pure B-leboite the concentra- 
tion n and mobility U of the carriers can be 
roughly estimated as n =~(3-5) x 1018 per 
em? and cm?/secV, 

Conversely, alloys containing more than 
55 wt % of silicon are characterized by 
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mainly electron conductivity. 0.0003 to 0.0025 Qom., for annealed speci- 

The electrical properties of alloys mens, from 0.35 to 86 Qem. 
containing a-leboite are sharply different. 

Right up to the appearance of the silicon Translated by E, Bishop 
phase (55 wt % Si) they are characterized by 
low values of thermoelectric e.m.f., specific 
resistivity and Hal] constant (Fig. 2). This 
indicates the loss (in the transition from 
the a- to the P-state) of semi-conducting 
properties. 

A certain degree of scatter in the elec- 
trical conductivity readings on quenched 
alloys is apparently due to micro-cracks, 
which occur in the specimen as a result of 
the leboite phase transformation, since it is 
accompanied by large volumetric effects [9]. 


it 


@ mv/100°C Si wt % 


40 1, for aq-leboite. 
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THE RELATIONSHIP TO TEMPERATURE OF THE ELECTRICAL 
RESISTIVITY OF NICKEL-ZINC AND COPPER-ZINC FERRITES* 
A.I. SUCHKOV 


Ivanovsk Textile Institute 
(Received 4 July 1957) 


Theory and experiment indicate that with 
increasing temperature the electrical resis- 
tivity of semiconductors decreases according 
to an exponential law, 


AU 
2xT ) 


Ferrites, as ferromagnetic semiconductors 
follow exactly the same electrical resis- 
tivity-temperature relationship, as was 
confirmed experimentally in papers [2-4] for 
several ferrites, 


p=A exp( 


ln 
ith 


Fig. 1. The relationship 1n p =f (l/p) for a 
nickel-zinc ferrite. 15.6% 36.4% ZnO, 48% 
Fe,0;. 

In [3] it was observed that for nickel - 
zinc ferrites, a change in gradient of the 
straight line 


1 
occurs at the Curie point, 


It was essential to discover whether this 
effect occurs in all ferrites. For this 


(1) 
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purpose we have carried out an investigation 
into the electrical resistivity-temperature 
relationship for nickel-zinc and copper-zinc 
ferrites of various compositions, The 
experimental data are represented in Figs. 1 
and 2. Similar results were also obtained 
on other ferrite specimens, 


inp 


Fig. 2. The relationship ln p = f (1/7) for a 
copper-zine ferrite. 5% CuO, 45% Zn0, 50% 
Fe,0,. 

From the figures it follows that above the 
Curie point the gradient of the straight 
line In p = f(l/r) decreases for nickel-zinc 
ferrites, whereas it increases for copper- 
zinc ferrites. This signifies that the 
activation energy AU undergoes changes at 
the Curie point, which are different for 
nickel-zine and for copper-zinc ferrites, 
The change in gradient of the straight line 
In p = f(1/7) at the Curie point indicates 
that the activation energy must depend on 


165 
= 
VOL. 
1959 
libe 
| 
— 


Letters to the Editor 


the magnetization, 

In [1] it was shown theoretically that on 
passing through the Curie point a change must 
occur in the gradient of the straight line 
[2] and that the magnitude of this effect 
depends on the exchange interaction between 
outer and inner electrons, which alters at 
the Curie point, 

Experimental investigations confirm the 
theory on ferromagnetic semiconductors, 
developed by Irkhin and Turov [1], not only 
for nickel-zinc ferrites, but also for copper- 


zinc, 
The difference in temperature variation of 


the electrical resistivity, as between 
nickel-zinc and copper-zinc ferrites, is 


merely that in the copper-zinc ferrites 
examined, the activation energy increases 
above the Curie point, 


Translated by EE, Bishop 
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STUDIES OF THE NON-DESTRUCTIVE TESTING OF 
RAILWAY RAILS IN MOVING MAGNETIC FIELDS 


10. A STUDY OF THE MAGNETIC FLUX IN A 
RAIL HEAD WITH DIFFERING AIR-GAP IN 

THE MAGNETIC CIRCUIT* 
V.V. VLASOV 
Institute of Metal Physics, Academy of Sciences of the U.S.S.R. 
(Received 30 November 1957) 


Ferromagnetic bodies in an open magnetic of a J]-shaped electromagnet, with pole- 
circuit have a different magnetization from pieces which were flat on the side facing 
that in a closed magnetic circuit. The the rail] model. The investigation comprised 
problem of the magnetization of a ferro- taking oscillographic records of the longi- 
magnetic material in a circuit including an tudinal component of magnetic flux, obtained 
air-gap has been investigated grapho- as a result of integrating the e.mf. ina 
analytically by Arkad’ev [1] and experimen- coil which covered the head of the rail model, 
tally, on rings with a cut-out portion, by Thus the previously used technique [6] was 
Volkov [2], and in the case of magnetization adopted for investigating the magnetic flux. 


in bars and rails, set up by applying a 
[T-shaped electromagnet, by Panasenkov [3]. 


arbitrary units 


These investigators have shown that the 
temperary magnetization, i.e. the difference 62 | 
between the magnetization corresponding to 3 

the tip of the hysteresis loop and the a i 
residual magnetization, reaches a maximum at eK f | 2 

a certain size of air-gap, if the field is ee 
not below a certain strength. 5 


An analogous effect on the magnetic flux ina we d 4m 
rail can also be exerted by the distance QO 5 M5 M5 385 58s 
between the electromagnet pole and the rail, 
when the latter is magnetized under con- 
ditions of motion. It appeared to be of 
interest to carry out corresponding inves- 
tigations in this direction. Accordingly, a 
study has been made of the longitudinal 
component of magnetic flux in a rail head by 
means of mode] experiments [4,5]. 

The study of the longitudinal component of 
magnetic flux in a rail head under conditions 
of motion, for various sizes of air-gap 
between the electromagnet poles and the rail magnetization of the rail model. The 
model was carried out on the equipment des- motion of the rail model corresponded 
cribed in [6]. For this purpose, use was made to the motion of a similar electromagnet 
relative to a rail at a speed of 45 
km/hr. The external magnetizing ampere- 


Fig. 1. Relationship between the magnetic flux 

g in an area of the rail lead midway between the 
electromagnet poles and the size of the air-gap 

dy between the pole and rail, at magnetomotive 
forces of: 

1-5, 2-10, 3-15 and 4 — 20 thousand ampere- 
turns (d is the gap in the model experiments). 


In the investigation tie electromagnet 
was poSitioned for the “longitudinal” 
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turns and the gap were varied. The magnitude 
of the magnetic flux was estimated from the 
respective oscillograms for the area of the 
rail head situated midway between the elec- 
tromagnet poles. This implies that account 
was taken of the magnetization induced in 

the rail head during the time the area in 
question was passing from the midpoint of the 
leading electromagnet pole to a point midway 
between the electromagnet poles, The results 
of the investigation are shown in Fig. 1. 

It can be seen from the figure that the 
longitudinal component of magnetic flux ina 
rai] head exhibits a maximum at a certain 
value of air-gap and at not too high values 
of magnetomotive force. This is most clearly 
visible at a magnetomotive force of 10,000 
ampere-turms (curve 2). As the magnetizing 
ampére-turns are increased, the relationship 
between flux and air-gap becomes less 
pronounced. At 20,000 ampere-turns (curve 4) 
it practically disappears. It is of interest 


to note that, on reducing the magnetomotive 
force, e.g. from 20,000 ampere-turns to 
10,000 ampere-turns, i.e. in going from curve 


4 to curve 2, the flux for the case of an 
air-gap between electro-magnet pole and flux 
of qd, = 20 mm (d = 5.5 mm in the case of the 
rail model) decreases less than for the 
similar mm. f. reduction with air-gaps 
either larger or simller than the value 


referred to (e.g. for d, =10.5 or 38.5 


mm). 
The relationship between the longitudinal 


component of magnetic flux and the air-gap, 
for relatively low values of external moving 
field strength, is in agreement with inves- 
tigations on static fields [2,3], and is 
apparently explained by the demagnetizing 
effect of the surface of ferromagnetic 
materials. 


1 


Translated ty E, Bishop 
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A CONTRIBUTION TO THE THEORY OF INTERNAL FRICTION 
IN REPLACEMENT AND INTERSTITIAL SOLID SOLUTIONS* 
V.T. SHMATOV 
Institute of Metal Physics of the Academy of Sciences of the U.S.S.R. 
(Received 25th April 1958) 


Formulae have been derived for the relaxation of elastic moduli and for the 
relaxation time in interstitial solid solutions and in long-range order alloys. 
The theoretical results are compared with experimental data. 


Formulae for internal friction in systems 
with additional parameters have been derived 
in [1] from general thermodynamical consider- 
ations. In the special case of one addition- 
al parameter during an isothermal process, 
the internal friction is equal to 


(1) 


where wis the frequency; r€" the time of 
relaxation of the additional parameter for 
constant values of the deformation e and 
temperature 7, The degree of relaxation of 
the isothermal elastic modulus A\ can be 
given in the form 


where E' is the non-relaxing part of the 
modulus [1] and Ee) is the addition to 


the value of the inverse modulus from 

the degrees of freedom due to the exis- 
tence of the additional parameter. In 
additive solid solutions and long-range 
alloys, these additional parameters are 
the amount of preferred main distribution 
of the interstitial atoms and of long-range 


order, 
The discussion which follows allows us to 
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express the amount of relaxation of the 
modulus (2) in the cases under discussion 
by characteristic parameters. 

Let ®(7,<¢, 7) be a thermodynamic potential 
not in equilibrium. Then from the condition 
for equilibrium of the system 


we obtain the equilibrium value of the 
additional parameter 7 as a function of the 
stress o and of the temperature 7 
7 = 7). (4) 
From the evident identity 
c, T)] = O(T, 3), (5) 
where ®(T,<) is the eqilibrium thermodynamic 


potential, after double differentiation with 
regard to o we find 


Here %..=7F,- From comparison with differen- 
tials (3) and (4) we find 


(er) 


Therefore it follows from (6) that, 


1 
7 
» => (3) 
On ] 
®.. 
(= ) E (6) 
(8) 


Interstitial solid solutions 


Therefore, if (5) is differentiated twice with 


regerd to temperature and if the second 
equation in (7) is used, we shall find that 
the specific heat of degree of freedom due to 
the existence of the additional parameter is 


(9) 


The relations (8) and (9) together give 


oT 


1. INTERSTITIAL SOLID SOLUTIONS 


Internal friction in interstitial solid 
solutions has been studied in most detail] in 
body-centred lattices, in which the dissolved 
atoms occupy interstitial positions (%, 0, 0) 
(the centres of the cube edges). In the absence 
of stress, all three types of interstitial 
position are disordered. Tension stress in 
one of three directions (cube axes) causes a 
redistribution of the interstitial atoms and 
they will move mainly into positions in these 
directions. 

Following Zener [3] we obtain the amount of 
preferred distribution of the introduced 
atoms as 


(11) 


n 


2 


where n, is a whole number of introduced 
atoms in unit volume, andn_ is the number of 
these atoms in the preferred introduced 
positions. 

Let U signify the decrease in potential 
energy, which is undergone by the inter- 
stitial atom on transfer from a non-preferred 
to a preferred interstitial position. U - 
generally speaking, — can depend on the con- 
centration of the interstitial atoms n and on 
the amount of preferred distribution 7. When 
Nis changed by dn the number of atoms trans- 
ferred into the preferred position will be 


dn, = = ndn. 


The change of the energy of order E of the 
solid solution on this be 


dE = dy, 


After integration we shall have 


! 


1 
2 
where Zn {Ua is the energy required to be 


spent in order to transfer the solid solution 
from a completely ordered state to @ completely 
disordered one. Whence for the heat capacity 
we obtain 


The entropy of the ordered distribution of 
the interstitial atoms is [3] 


ny)! (a — ny)! (2M—n + Ny)! 


where is a whole number of interstitial 
positions. When it is known that 7 < 1 (a 


smal] number of interstitial atoms) from the 
free energy FeE-TS, we find 


The equilibrium value of the amount of 
preferred distribution 7 is obtained from the 
condition Fy = O, whence we obtain 


1 -- 7, kT 


Differentiating the left and right of (14) 
with respect to 7 and then putting 7 = 0, 
gives us the critical temperature below which 
spontaneous ordering of the interstitial] 
atoms in the absence of stresses takes place. 


(14) 


(15) 


We now have all that is required to deter- 
mine the degree of relaxation of the modulus 


an 
(2). Finding the derivatives & and 


2 
| | 
VE 
Vol 
7 
3k 
| (2 


Interstitial solid solutions 


from (14) and using the relationships (2), 
(10), (12) and (15) we have 


A= 1) (1 + 2n) (16) 
+ £4) 


If there are no static stresses (the usual 
experimental conditions), then 7 is deter- 
mined by the spontaneous order. Obviously, 
two cases are possible. The first, when 
T<T, and .y+#0 _, which is the case given 
in (6. The second, when 7 >T7,, 4=0, and 
therefore the degree of relaxation of the 
modulus will be 


since U does not now depend on 7 and the 
ordering is caused only by the applied stress, 

The increase in the height of the peak of 
intemal friction with increased atom concen- 
tration required by expressions (16) and (17) 
has been confirmed experimentally [4-6]. A 
special study of this question carried out by 
the authors of paper [4] on alloyed steels 
with face-centred cubic lattice, has shown a 
linear relationship between the height of the 
peak of intemal friction and the carbon con- 
tent. It can thus be concluded, that in this 
case at least, U is only weakly dependent or 
quite independent of the carbon content. 

The degree of relaxation of the modulus 
below the critical temperature (16) can be 
put into the following form 


Te 
4 T—aT, 


ds 


{2n OU 2)-—1 


(19) 


depends on the temperature to the same 
degree as E'and 7. An expression formally 
agreeing with (18) has been obtained by 
Zener from thermodynamic [3] and also from 
model considerations [7], in order to find 


an expression for a. It is however 
essentially different from (18) in its 
content. While Zener considers that his 
expression is applicable for temperatures 
above the critical To ours is correct only 
for temperatures lower than the critical. 
Zener’s a, is independent of the amount of 
preferred distribution 7, which of course is 
inherent in his supposition that (7 >T7,). 

The independence of the conclusions from 
(18) given here on the model and the more 
natural interpretation of the experimental 
facts which will be given below, gives us 
hope that the expressions obtained for 4 
above and below the critical temperature 
are a better description of the properties of 
the system. 

The verification of the temperature depen- 
dence of A.has been undertaken by Ke Tin-Sui 
in the case of the solid solution ww intro- 
duction of carbon and oxygen into tantalum. 
The work has shown that in the temperature 
interval 350-700° K, the degree of relax- 
ation of the modulus obeys the law 


(20) 


and that a is very smal] in every case and 
not near unity as in Zener [7]. Ke Tin-Sui 
concludes from this, that the critical 
temperature 7. is very near zero (see (19)) 
and, generalizing this result for an inter- 
stitial solid solution of carbon in iron, he 
decides that the formation of martensite, is 
evidently not caused by a spontaneous prefer- 
red distribution of the carbon atoms in the 
iron, as Zener supposed, 

Since tiie expression for the degree of 
relaxation of the modulus (18) holds for 
temperatures below yee and experiment gives 
A\~T~!, which corresponds to a degree of 
relaxation determined by an expression (17) 
which is correct for temperatures above To 
then from the point of view of the conclu- 
sions reached here, Ke Tin-Sui’s experiments 
have only shown that the critical temperature 
for spontaneous ordering in tantalum is lower 
than 350° K, but that there is no obligation 
that it should be near absolute zero. Hence 
these experiments are not enough to form a 
basis for concluding that a spontaneous 
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preferred distribution of carbon atoms in 
iron is impossible. 

Let us now pass to the discussion of the 
time of relaxation 7 €:7, Consider the 
unstable state of the system under considera- 
tion when not a single atom is held in the 
preferred interstitial position. The 
transfer of one of the atoms in the un- 
preferred positions into a preferred, 
restores the system to equilibrium. Con- 
sidering that this transfer takes place for 
constant values of e€ and J for unstable 
changes of the free energy, and signifies a 
thermodynamic potential as follows from [2], 
we find 


where the change in the degree of preferred 
distribution in the movement of one atom, 
according to (11) is 


3 
(22) 


2n 


When there is no preferred distribution, 


the frequency of the passage of an atom from 
one interstitial position to another wil] be 


[9-11] 


(23) 


Here R is the gas constant, v frequency of 
vibration of the interstitial atoms; p the 
number of equivalent ways of transferring an 
atom from any equilibrium position (for 
diffusion along the spaces between atoms, 

p = 4 ina body-centred lattice and p = 12 
in a face-centred) the thermodynamic poten- 
tial of activation 


A® = AH — TAS, (24) 


where /\H is the heat of activation, As 
the entropy of activation. In this case, 
the transfer of an atom from one inter- 
stitial position to another is not accom- 
panied by a change in the thermodynamic 
potentia] (the unbroken curve in Fig. 1). 


Interstitial solid solutions 


and every interstitial position is equivalent, 


| 
Fig. 1. The boundary of the thermodynamic 
potential. 


During the unstable transfer of an atom 
from an unpreferred interstitial position 
into a preferred one, as a result of the 
unstable change of the thermodynamic poten- 
tial which is determined by (21), (22) the 
boundary of the thermodynamic potential ‘is 
deformed’ and will obviously appear as shown 
in the broken curve in Fig. 1. Oonsequently, 
the frequency of transfer of an atom into a 
preferred position with deduced frequency of 
reversed transfers will be 


(k is Boltzmanns constant) or taking 6F<kKT, 


A® 
1 = py exp (— (25) 


Whence we obtain the average time required 
for the transfer of an atom into a preferred 
interstitial position, which obviously will 
also be the time of 7€ ! of the amount of 
preferred distribution 7 for constant values 
of e€ and T 


A® 
kT exp 


Wert and Zener (9, 12,] discussing the 
diffusion of interstitial atoms have 
obtained 


oT 


2m? 


4 
| 
A? 
| | 
| 
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where m is the mass of an atom, Ais the 
distance between intermediate interstitial 
positions, jy and H, are the shear moduli, 
due only to the elastic properties of the 
lattice, at a given temperature and absolute 
zero respectively. The expression for AS 
is found on the assumption that pu decreases 
linearly with increasing temperature, 

From a consideration of (21), (22) and (27), 
for 7 € "we find 


Fy 7 Still remains to be determined, and we 
obtain it without trouble from (13). For 
temperatures below 7, of the spontaneous 
ordering of interstitial atoms 


Fi, = 


(29) 


2nkT 
(1 — 4) (1 + 


Above the critical temperature, with no 


static stresses = = 0; y= 0, we have 


Fy = 2nkT. (30) 


In the derivation of rel the assumption 
was made that 


Fi, < AT, (31) 


which is now eaSily seen from (22), (29) and 
(30), to be actually the case, since the 
number of interstitial atoms in unit volume 
n>I1. In [2], from general thermodynamic 
considerations the time of relaxation 
obtained 7 €7 should satisfy the condition 


(32) 


The expression for +? obtained here 
satisfies this requirement. Condition (32) 
for +7 in [2] and the expression for in- 
ternal friction (1) in [1] have been obtained 
by the approximate thermodynamics of irrever 
sible processes. On the other hand, the 


derivation of +*? has no actual restrictions 
beyond the requirements of (31) which 
strictly take <7 to the form of (32) 
required hy thermodynamics. Therefore (31) 
must be considered the condition of applica- 
bility of the method of the thermodynamics 
of irreversible processes in this problem, 
As already mentioned above, the conditions 
of (31) are well realized, and the applica- 
bility of the method of thermodynamics of 
irreversible processes can be considered 
well substantiated in this case. 

(28), (29) and (30) show that the tem- 
perature change +°7 is mainly determined 
by exponential terms, since the other fac- 
tors in (28) depend on a temperature no 
longer in existence and can be considered 
constant within the limits of the half-width 
of the temperature peak of the internal 
friction. As a result it is not difficult to 
find the half-width of the peak from the 
reciprocal of the temperature which is shown 
to be 


2V3. 
—|\= (33) 


But this formula is not to be recommended for 
the determination of /\ H from the experi- 
mental curve of the interna] friction, 
because the form of the peak can tum out to 
be strongly distorted (background, adjacent 
peaks). 

The dependence of +‘? on the concentration 
of interstitial atoms n is rather complex, 
because, as has been shown in [4, 13] the 
heat of activation A H also depends on n. 
The fact that Z\ H enters into the exponential 
factor, lets us expect that when the depen- 
dence of Z\ H on the concentration n is great 
enough, this exponential factor will play the 
principal part in the dependence of +‘? on 
n. Thus when studying internal friction due 
to carbon diffusion in alloyed steels [4], 
the heat of activation was found to be 38 x 
103 cal/mol for 0.4% C, and AH = 36 x 102 
cal/mol for 0.7% C, and the peak was dis- 
placed towards the lower temperatures by 300- 
280 = 20° C. A simple calculation shows that 
in this case, the change in the heat of 


activation with the concentration C is pre- 
dominant in the change of r€7, and since 
the experimental conditions remain constant, 
this corresponds to a displacement of the 
peak towards the lower temperatures with 
increase in the carbon concentration. 

Let us note in conclusion that the expres- 
sion proposed by Wert [10] for the time of 
relaxation in interstitial solid solutions 
in a body-centred cubic lattice does not 
satisfy thermodynamic requirements (32), and 
consequently cannot be altogether correct. 


2. ALLOYS WITH LONG-RANGE ORDER 


There are scarcely any papers on intemal 
friction in alloys with long-range order 
[3, 14-18]. This is evidently the explana- 
tion of the misunderstandings on this 
subject met with in the literature. 
Nowick in his review [19] of internal 
friction in metals asserts that the charac- 
teristic intemal friction peak can be 
obtained for alloys with long-range order only 
as a function of the frequency (at constant 
temperature) but not as a function of 
temperature (at constant frequency) because 
the amount of order in the absence of stress 
is in itself a function of temperature. 
Therefore, he writes, it is difficult to 
explain the experimental results, in which 
simply a dependence of the intemal friction 
on the temperature is obtained. Artman and 
Clarebrough [15, 16] when interpreting the 
intemal friction peaks they obtained for 
f-brass at temperatures below the critical, 
use Zener’s mode] [20] of the reorientation 
of a pair of atoms, which he suggested as an 
explanation of the intemal] friction in 
solid solutions of replacement type without 
long-range order. 

As Gorskii [14] was the first to point 
out, internal friction in long range order 
alloys explains the settling due to the 
establishment of an equilibrium value of the 
amount of long range order 7. We shall use 
the results given by Lifshits in his paper 
[21] on the theory of binary replacement 
solid solutions, with arbitrary concentra- 
tions of the components C, and C, to cal- 
culate the degree of relaxation JA from 
formulae (2) and (10). In this paper he 


Thus 


Interstitial solid solutions 


obtained the following expression for the 
free energy of a replacement solid solution 
with a calculation of the near order. 


F = NkT {22 4. 


where N is the number of atoms in unit 


volume; Z is the co-ordination number; U 
is the energy of combination for one atom 
and a= U/kT. Whence by the usual means we 
obtain an equation for the equilibrium value 
of the amount of long-range order n 


(1 
(35) 
matt 


=— 22a] 

9 
where yu = C,-C,. From (2), (10) and (35) 
taking into account that U is proportional to 
the critical temperature te (Curie tempera- 
ture) we find 


Os 

where C7is the heat capacity of long-range 
order in the atom arrangement and E‘ is the 
elastic modulus without accounting for long- 
range order, 

The amount of relaxation (36) depends very 
much on the temperature since C5 is know 
to increase rapidly as the Curie temperature 
i. is approached and remains at a maximum in 
the vicinity of this temperature. Thus the 
internal friction (1) in long range order 
alloys withw 7 @/~=1 will increase with 


6 
(34) 
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temperature attaining its largest value near 
the Curie temperature, This result is 
confirmed by experiment [16-18]. It is 
interesting to note that at T>T,, when the 
long-range order disappears, Z\ ¥ 0, and the 
internal friction will be conditioned by the 
near order in the atom arrangement since here 
CG is the heat capacity only of near order. 
E’, Te and Cg depend on the concentrations 
Cc, and c, of the components, In the particu- 
lar case of an alloy of stoichiometric compo- 
— (C, = C, = %), if the near order 
(a? = 0) te disregarded, we obtain from (34) 


— pe (9Tc\2 (1 — 
The reasoning in the derivation of the time 
of relaxation has many analogies with what 
has been given in the foregoing section. 
Thus, the unstable change in the free energy 
or thermodynamic potential for constant 
values of € and T in the movement of one atom 
to change the degree of long-range order will 
be written, as in (21) where here 
4 
by? = = (38) 
(see (21]) and Fin has to be obtained from 
(34). Since +87 is the relaxation time for 
the amount of long-range order, and the long- 
range order can be changed only ty the change 
in position of the different atoms, then, in 
the equilibrium state the frequency, of 
exchange of atomic positions should be taken 
as [22-24, 11] 


where h is Planck’s constant, A 9, .the 
thermodynamic potential of exchange activa- 
tion (see (24)). Using the same reasoning as 
in the case of interstitial solid solutions, 
we obtain for the exchange frequency in the 
course of establishing an equilibrium state 
in the alloy; 


A® 


Whence, in agreement with (21), (24) and (38) 
and analogous to (26) we find 


(40) 


(41) 


where A H is the heat of activiation, AS is 
the entropy of activation of the exchange of 
positions of different atoms. From (34) we 
obtain 

F n= 


T | 


cy C2 | 


4c; — 4c3 — | 


For a stoichiometric composition of the 
alloy and disregarding near order in the 
arrangement of the atoms 


NRT Te 
(1 


Fn 


since in this case [21] 


(42) and (43) show that F reaches its 
smallest value at the Curie point ( 7 = 0) 
where, therefore, <7, is a maximum, which 
agrees with the thermodynamic results 
obtained by Landay and Khalatnikov [25]. 

With regard to the dependence of the concen- 
tration on +7 , it will evidently by mainly 
determined by the dependence of the heat of 
activation A\H on C, or C, =1-C,. 

The assumption in (31) which was used in 
the derivation of and which, as noted above, 
is a criterion of the applicability of the 
method of irreversible thermodynamic processes 
to the problems discussed here, is well 
justified in (38) and (42). Finally, the 
relaxation time (41) satisfies the thermody- 
namic requirements of (32). 


Translated by J. Agrell 


. V.T. Shmatov, Fiz. metal. metalloved., 6, No.6 
(1958). 

. V.T. Shmatov, Zh. eksp. teor. fiz., 33, 1359 
(1957). 
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THE THEORY OF CONDUCTIVITY* 
V.P. SILIN 
Lebedenev Physical Institute of the Academy of Science of the U.S.S.R. 
(Received 20th November 1957) 


The electron theory of metallic conduction is examined from the point of view 
of the Fermi-liquid, which depicts the conduction electrons not as a gas, but 
as a degenerate electron liquid. 


1, In the ordinary theory of metallic conduction one of the basic assumptions made is that 
the conduction electrons may be considered as a gas of non-interacting particles, In actual 
fact the interaction between electrons is by no means small (see eg, [2]), so the thought 
naturally arises that many results of ordinary metallic conduction theory may, in fact, turn 
out to be untrue. From this the problem naturally arises of constructing a theory of 
conduction which considers the conduction electrons as a degenerate electron liquid. We can 
solve this problem at the present time using the Fermi-liquid theory proposed by Landau [3], 
applying it to the case of an electron liquid. 

It is shown below that the theory of conductivity based upon the assumption of an electron 
liquid gives results in static electricity problems fully compatible with results from 
ordinary conductivity theory [1]. 

2. In the Fermi-liquid theory the metal electrons are described by kinetic equations, which 
in the static case have for a state differing only slightly from equilibrium, the following 
form [3-5]: 
| 


O80 (e£ — = I (n). 


Here is is assumed that 


n=n, tn 


where h is Planck’s constant. I(n) is the collision integral, and 


(3) 


ts = dp’®(p. p\in(p’, 1) 


In reference [6] it is shown that for a state close to equilibrium, the collision integral 
has the same form in the Fermi-liquid theory as in the ordinary electron-gas theory, except 
that in place of Sn the combination 6n—t<On,/dey. appears. Therefore the whole of 
equation (1) differs from the corresponding kinetic equation from ordinary conduction 
theory also only in the substitution of 8n by dn —i<dnq/dep. 


* Fiz. metal. metalloved. 17, No.3, 331-334, 1959. 
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Further solution of the kinetic equation is necessary in conductivity theory to determine the 
current and energy flow. In the Fermi-liquid theory these quantities have the form 


j=e(apn =e | dp {tn — Bs Ae , 
Op “07 


= | dp {tn — 
Op op 


Q = apn: 


These expressions differ from the corresponding ones from ordinary theory just as for the 
kinetic equation (1), only in the substitution of 5n by 5n - dexon,/§ € >: From this it 
follows that the expressions for ) and Q, calculated from (1), exactly coincide with the 
corresponding expressions from ordinary theory. So the ordinary results are fully retained as 
far as electrical conductivity, thermal conductivity, and the thermoelectric, gal vanomagnetic, 
and thermomagnetic effects go, results based on the assumption that the conductivity electrons 
make up a degenerate gas. The same applies to kinetic phenomena in liquid He?, 

Finally, let us touch upon the problem of conductivity in thin metal] films and wires, In 
this case the kinetic equation can be written in the form 


Op or ap c op Gp Oe, 


Taking into account all] the foregoing, on the basis of the form of equation (€) we can say that 
in this cause also there is no difference for the Fermi-liquid and for the Fermi-gas, 

3. It will be useful to establish certain general consequences of equation (1) and formulae 
(4) and (5), the more so since in this matter, we believe that in the ordinary theory there is 


not proper clarity. 
The solution of the kinetic equation (1) can be presented in the form 


in — be Ano 
Veo 


where w, and Pa are given by the equations 


Op, 


Ong One 
ONo 


Whereupon the expressions for current density and energy flow can be written in the following 


form: 
)+ 


10 
VO} 
7 
19! 
Ya T Ox, 23} ) 
| bs) Jeo ya H) = 0, 
op P 
0 —p) — =0. 
op op (8) 
7 Org 
(1) 
war 
e 6 (9) 
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Aas dey, Si) =e Bas de, 
0 


(2nh)3 lye] 


dS 
Op, Bat = 


where dS is an element of the Fermi surface, and f, = (27h)*n,/2. 
From expression (9) the law of conversion of energy 


0 
ot 
as a consequence of equation (1), can be presented in the form 


OX, OX, 
Spy «5, By Ox, 
From this we get the following expressions for the tensors of conductivity (3,5), thermal 
conductivity coefficients  (x,s) and Thomson coefficients (15): 


1 1) (0)-! ! 


We will calculate the first non-vanishing approximations in the breakdown of the expression (14) 

according to degree of RT/ (>, is the value of the chemical potential] at a temperature of 

Zero). For the conductivity tensor we have immediately 

2e 


Sap = C7 (p = 
0) (15) 


In calculation of the thermal conductivity tensor it is sufficient lly use the zero approximation 
for off), since the terms following ~(A7/p,)’. Then oft) = and consequently 


= — ( — Bag (6) = 


B 
== 3 Bag (p,)- 


Finally, for the Thomson coefficients tensor we have 


(154) Aya! — (#0) Bra (0) + 


3e 
+ Air - 


11 
Here 
= — er % 
(10) 
| 
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In this case, when the collision integral is a 6 -function with respect to energy, we have 
Big=Aa;. This leads in particular to the following relation: 


Sas = (149); %a3 (1 to); 


d 
(TAZ! (4,) Az, 
(18) 


In particular, relation (18) shows that here: the Wideman-Franz law applies. We note, that if 
there is a free path time, it is 


(tn — te), 


(19) 


and in the absence of a magnetic field 


dS oe dz 
(P). 


A, = 
(p49) Op, Op, 
(P)—ve (20) 


The above problem for ordinary theory is examined in reference [7]. We should note that due to 
the dependence of € ,(p) on T in our case (see (7) ), we should not look for a solution of the 


kinetic equation as derived in [7], in the form + T Op. However, 


T 


if we consider t, independent of temperature, then our formula (14) becomes formulae (10, (11) 


and (12) of reference [7], taking into account that oft) it) and +> La 


where the tilde sign designates function (5) of reference (7]. Unfortunately in the nines 
calculations a mistake has crept in, preventing us from comparing our formulae (17) and (18) 
with formulae (16) and (17) of this work. We note that in the isotropic case where a free 

path time is assumed to exist, formulae (17) and (18) give for the Thomson coefficients the 


well-known expression [1] 


6d 
3e \dT 


Translated by 0.G. Noel 
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THE VIBRATION FREQUENCY SPECTRUM FOR THE SIMPLEST 
MODEL OF AN ORDERED ALLOY, 1I1* 
A.N. MEN’ and A.N. ORLOV 
Institut fiziki metallov Akad. Nauk SSSR 
(Received 22 November 1957) 


An investigation [1] of the frequency spectrum of a chain of atoms of two 
kinds was generalized for the case when the bond coefficients of elasticity 
depend un the kind of interacting atom. It is shown that in this case the 
maximum (Debye) frequency, depending on the relation between mass and bund 
coefficient, may either increase or decrease with increase in degree of 
long-range order in the chain. 


1. In an earlier work [1] we investigated the vibration of chains of atoms of two kinds with 
close masses, disposed as the joints of a chain with an arbitrary degree of long-range order 
7 and with an arbitrary relative concemtration c, interacting elastically so that the bond 
coefficients of elasticity for any two neighbouring atoms could be considered as identical. 
In the present work we are considering the case where the bond coefficients of elasticity are 
different, though of approximately the same strength, It is shown that for approximate 
calculations of the frequency spectrum such a chain may be replaced by a completely ordered 
chain of the appropriate atoms, the properties of which depend on c and 7, according to 
formulae (2) and (3). 

Let the chain consist of 2n S 1 atoms situated at the 2n joints. Odd-numbered joints we 
will call type 1, even-numbered joints type 2. The relative concentration of type 1 atoms we 
will denote by c, The degree of long-range we determine by the usual methods (see, e.g., [2]). 
The masses of the atoms we will call! ‘!, and M,, and the bond coefficient of elasticity 
between neighbouring atoms of type A and p we denote by a, (A, » = 1,2). 

Following the usual method we will consider that the chain is closed into a ring, so the 
2nth atom is next to the first, and we take into consideration only the nearest neighbours in 


calculation of the interaction, 
Under these conditions the secular equation for the problem has the form 
Qn + a,,2—M,x —1,2n 


— + a2 Mex —0 
0 — 43,0 0 0, 
0 
The main symbol indicates the number or kind of joint, the subscript the number or kind of atom. 
Since the number of the atom and number of the joint always correspond, the term showing the number 
(not the kind) of atom or joint is always written below. The kind of atom or joint is shown by the 


Greek letters 1, 2 = 1, 2; the number of atom or joint by Latin letters. The letterc i, j = 
1, 2, ...2n denote any atom or joint, the letter k =1, 3, .... odd, and the letter | = 2, 4, ... 


even atoms or joints. 


* Fiz. metal. metalloved. 7, No.3, 335-340, 1959. 
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where x=w? (w— is the frequency of vibration). M; is equal to My or M, according to what 
type of atom is at the joint number tl; a i, i-t and Qi ian are equal to a. 1 21, » or 
a>, according to what types of atom are at the joints i-1, t, and 1241. 

To solve equation (1) for X we will examine the atoms situated in an ordered fashion at the 


joints of types 1 and 2 and having masses! 


M,=M,pi+M,p!, M,=Mpi+M,p3 (2) 
p 


and bond coefficients 
2 = Pi + 242 (P1 Pz + Pi 2) + (3) 


where the substitution probability for the joints p 4 is equa] [2] to: 


pr=c+(q—c)y pri=c—g—c)y, (4) 


where q = 2c forc¢ % and q=1 forc 
Since we have taken the masses of the atoms and also of the bond coefficients to be of 


approximately the same size, we can express true M; and a Ap in terms of the expressions we 
have used hy the formulae: 


M, = M, + My; M,= M; + my; Qiy= a+ (5) 


where m,, mj, and a,. are small corrections, The quantities a,-/a <1 and m,/M;a€1 we 
will consider of the same order of smallness (this is not the only possible supposition; see 
below). We substitute (5) in (1). Then the coefficients of the equation (1) wil] contain 
the smal] quantities a* ij and ms 2. We shall show that in the first approximation the 
corrections a@*,;; and m,; disappear, so that we can approximately exchange the exact secular 
equation (1) for a completely ordered chain of the atoms involved, which is easy to solve. 


2. To this end we will put the determinant (1) in the general form 


i- 9 € + 2n | 
e+ b +5, ¢+ 0 
0 0 b+ Ben, onl 


a—b 
where df is a small correction to the basic items a, b ande; e <0, q~—~e<], 


kk ~ fhe, Retaining only the terms linear in e we will write (6) in the form 
a 


(7) 
A = A -+- >» A, 


1. Since for such atoms the kind of atom and joint coincides we may write the index for the mass as a 


subscript. There is only one value for the bond coefficient and an index is not needed. 


. Although methods are known for solution of a problem of this type when the deviations are not small 
[3], these methods do not give a solution in an easily reviewable form. So it appeared to us more 
interesting to examine the simple problem formulated above, since the solution derived from this 

allows a graphical interpretation and immediate comparison with experimental results. 
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where A is the determinant made up of the basic items of A, that is the determinant of the 
secular equation for the chain of atoms we are considering, A .; differs from /\ in that in the 
jth column the basic elements e, a (or b), and e are exchanged respectively for B. ae? B . 
and Bia, i Thus calculation of Z\ reduces to evaluation of determinants of the type 


€ Br, 1 
0 


We will consider now that, in agreement with (1) and (5), in the present case 


Bi = + By = — ai (i # J) 


and we take from each column (except the jth) of the determinant 4; the factor |e|. We 
will put a/je| =a and 6/\e| = b. Then we can write A, in the form 


b b 0 0.. 


* 


0 0 b.. 


The first of these determinants we will call A{", the sdcond A’, We can write A; 
similarly. We break AS? and ay), down to elements of the jth and (j-1)th columns respec- 


tively. Grouping the terms in 8 5-1 j we get for the sum of parts ZA j; formed ty the items 
of 


2n 
Yas? = (11) 


where At), ; differs from XA ty the absence of the (j-1)th column and line and substitution in 
the jth column of the diagonal element! by a + 6. It can be show that the quantity A = 
is independent? of j, so AS), jis taken outside the summation sign in (11). From determinant 


(3) P 


1. Remembering that in a closed ring chain numbers 0 and 2n coincide. 
2. This is apparent from physical considerations since the frequency spectrum of a closed ring chain for 


which A\ j-3, j is the recular equation determinant is independent of the atom chosen to begin numbering. 


A, = @ 0 (8) 
Br. 
O Beste a 
(9) 
7 
| 
| 
| | 
| 
(10) 
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2a 2n 

™ 2 

{=1 


jel (12) 


We will examine now the determinant AM. Breaking it down into minors of the kth column 
we get 


As in the case of ZA i, it can be shown that the quantity (13) is independent of k; we will 
call it A &), All the determinants A‘?) = A® are also equal] to each other. Conse- 


quently, 


Yas? = My x—al 
k (14) 
From the determinant (2) it follows that both summations in (14) are equal] to zero, 

3. Thus we have shown that with an accuracy up to a smal] quantity of the order of € the 
equality AW= A holds, that is equation (1) corresponds to the secular equation of an 


ordered chain of the atoms we are considering. Its root has the form 


M,+M,+ V + + 2M,M, cos oxd), (15) 


2 


where d is the interatomic distance, X is the wave number, and M, M, and a are fixed by the 


formulae’ (2) and (3). 
In particular the maximum frequency @ “ proportional] to the “Debye temperature” of the 
chain 9, is given by the equation 
2 Ke* + 2c (ayo — agg) + 229 — Kr"? 


2 
—— 


Mep 1 — (AM/M,p)*1"* 


K ay + Mey = Myc + M, (1 — ¢), 
AM = M,— = (¢—c) 


In the particular case where a,, = = = 4, then F = 0 and (16) transforms into formula 


1. Since the production of local frequencies is connected with the presence of deviations in the matrix 
(6), which as we have shown are not taken into account in the approximation we have investigated, in 
the solution we get (15), the local frequencies are absent. With a continuous change in the para- 
meters c and 7 there is a continuous displacement of the natural frequency. 
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(11) of reference [1] , 

In the general case of our approximation, when AM/M,., and K/a are considered as smal] 
quantities of the same order, (16) may be simpiified since the denominator contains the term 
(AM/M.,)?1/%, which is of a smaller order than the small terms in the numerator and so can be 
omitted, Then we have 


It is possible however that the order of smallness of A\M and K is different, We might 
expect in such a case that for a qualitative study of the dependence of w, on c and 7, 
taking into account the terms (AM/M.,.)?, together with terms containing K would give a 
correct result, and we should use formulae?(16). 

Investigation of the expression (16) shows that, depending on the values of the constants Kk, 
a,>5 and Qn» the frequency w, can be either a linear (increasing or decreasing) or a non- 
linear function of the concentration c, Further, from (15) and (17) it follows that while the 
type of spectrum is fixed by the magnitude of the bond coefficient and the effective masses, 
the maximum frequency as a first approximation depends only on the bond coefficient, From (17) 
it is also seen that w? is a linear function of 7°, the direction of which is fixed by the 
sign of Kk. Thus the maximum frequency can either rise or fall upon ordering. If A =0, then 
we have to use equation (16), from which in this case it follows that wincreases with 7. 

Increase of w upon ordering in the case of kK >0 can be graphically interpreted in the 
following manner, Let the coefficients of elasticity of the pairs of atoms A and B satisfy the 
relation a,,<%p,- Then a,,<%,,<a,,. In fact 2,,-4,, means the electron density (r} of 
atom A decreases more slowly with increase of r than for atom B, Therefore on overlapping of 
the electron shells, which basically determines the size of « , in the case of the pair 


AB the energy grows more slowly than in the case of BB, and more quickly than for AA, Let the 
values of 2, form the points on the graph in Fig. 1, where the curves for both K >0 and 


AR 


Fig. 1. Dependence of the bond 
coefficient a on electron density 


1. Please note that in [1] in formula (13) and in the following unnumbered formula a was mistakenly 
omitted from the denominator, and in the last paragraph of page 75% in place of “ordered” it should 
read “disordered’’. 

. In this case the breakdown of (7) should be supplemented by terms containing a@* of the next order of 
smallness. We have not made this calculation. 
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A <0 are shown, If K > 0, then Aap differs widely from pp and is close to Gane For K <0 
the reverse is true. For maximum ordering (when c = %) all the bonds are of the type AB, 
Decrease in 7 is bound up with rearrangement of A and B atoms, At this the average stiffness 
of the bonds alters, and as may be seen from Fig. 1, in the case of K <0 the average stiffness 
of the bonds decreases on the average fron four AB bonds to two AA bonds and two BB bonds, and 
so the frequencies, including the maximum frequency, decrease. For k >0 one may expect a 
frequency displacement in the opposite direction. 

Decrease of Debye temperature upon ordering is observed in Cu,Au and Ni,Fe alloys [4]. 
Although these experimental results for three-dimensional crystals should not be compared 
directly with results derived from our one-dimensional mode], they evidently point to the 
fact that in these alloys the average stiffness of the interatomic bonds (which is deter- 
mined by the second derivative of bond energy by interatomic distance and is not propor- 
tional to bond energy) increases upon disordering (here K >0) and this effect affects the 
maximum frequency more markedly than the change in the effective atomic mass, examined in i), 

An experimentally derived [4] relation between the Debye temperature and composition c of 
the alloy can also be described within the terms of the model examined here upon appropriate 


choice of constants, 


Translated by 0D,G Noel 
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FLAW DETECTION STUDIES OF RAILS 


IN MOVING MAGNETIC FIELDS 


[1. A STUDY OF THE APPEARANCE OF RAIL DEFECTS AND THE 
CHARACTER OF THE SIGNALS PRODUCED BY THEM IN THE 


Experiments in the study of electromagnetic 
excitations over an artificial defect, 
described in paper [1], were carried out 
under idealized conditions. The defects 
encountered in rails undoubtedly differ from 
artificial defects, It is therefore necessary 
to study the mechanism of the appearance of 
defects actually occurring in the rails, 

Furthermore, on the surface of the rails 
different undescribed defects are encountered: 
scabs with small cracks, hollows caused by 
hammer blows, cracks and blister holes from 
sliding or braking, small holes in the 
lateral face of the head of the rails and 
others, When the detection coil moves over 
the rails it is given a large number of 
e.m.,f, impulses. The impulses corresponding 
to dangerous defects usually comprise less 
than 1 per cent of the total number of 
impulses, The presence of a large number of 
impulses, not connected with dangerous 
defects, is a serious obstacle in the appli- 
cation of accelerated methods of flaw detec- 
tion. For rapid flaw detection, it is neces- 
sary to have a method which makes it possible 
to differentiate between impulses caused hy 
dangerous defects and those caused by defects 
which are not dangerous, 

In this connexion itis very useful to study 
the formof the e.m.f. impulses generated in 
the coil. The shapes of e.m.f. impulses 
caused by certain dangerous defects were used 
by Suzuki [2, 3] in a flaw detector for rail 
inspection at a low speed of the magnetizing 
device relative to the rails (up to 4 km/hr). 


* Fiz. metal. metalloved. 7, No. 3, 341-349, 1959. 
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VOROB’ EV 


Konstanasov [4] studied the e.mf. in a 

coil moving slowly over rails. However, the 
data in these papers do not permit the for- 
mation of ideas on the characteristic 
features of impulses during magnetization of 
rails with a field source moving at a com- 
paratively high speed. 

It was of interest to study the appearance 
of defects and the corresponding form of 
e.n. f. impulses developed in the detection 
coil under conditions of magnetization by a 
source of constant field moving at a rela- 
tively high speed. It should be expected 
that the shape of impulses under these con- 
ditions might differ from the known forms of 
impulses corresponding to slow movement. We 
studied the forms of e.m.f. impulses 
developed by dangerous defects and non- 
dangerous defects in rails, and also ly 
metallic components of the upper structure 
of the track in the case of magnetization of 
rail members at a speed of up to 90 km/hr. 
The present paper considers the forms of im- 
pulses corresponding mainly to dangerous 
defects, and the mechanism of appearance of 
the defects. 


METHOD OF INVESTIGATION 


The studies of the appearance of defects 
and their corresponding e.m. f. impulses were 
conducted at the experimental] section of the 
TsNII MPS and also at certain sections of the 
operational tracks of the Sverdlovsk and Omsk 
railways. A flaw detection wagon was used in 
the studies [5]. 


Rail defects 


for the amplifier when recording impulses with 


The studies were conducted under the follow- 
the type IV vibrator. The oscillograph vibrator, 


ing conditions, The speed of the flaw 
detector at the initial stage of the studies 
was 20-25 km/hr, and then it was increased to 
50 km/hr. It was later possible to detect 
defects at a speed of up to 90 km/hr, 


Fig. 1. Amplifier circuit 

The controlled section of the rails was 
magnetized hy means of an electromagnet sus- 
pended above the rails, the magnetizing 


ampere tums being controlled over wide 

The distance between the centres of 
the electromagnet poles was 0.85 m The 
detection coil was placed over the rails in 
the middle of the inter-pole space of the 
electromagnet such that the plane of its 
turms was perpendicular to the longitudinal] 


limits. 


axis of the rails. The coil had 500 turns, 
Its linear dimension across the rails was 
approximately equal to the width of the head 
of the rails, and the length of the winding 
along the rail section was 0.5 cm. The coil 
constant was approximately 10? turns/cm?. 
Its centre was approximately 5 mm above the 
surface of the head of the rail. The e.m f. 
impulses developed in the coil were recorded 
on a cine-film by means of an MPO-2 magneto- 
electrical oscillograph, in which vibrators 
of the IV and I types were used. The first 
was used mainly for moving at a speed of 50 
km/hr, the second at speeds of 50-90 km/hr. 
The speed of the cine film at first was 50 
cm/sec, and then 5 cm/sec. 

The e.m.f. impulses developed in the coil 
were amplified by a double cascade amplifier 
with resistances. Fig. 1 gives the circuit 


as can be seen from Fig.1, is included in the 


anode circuit of the output cascade, consisting 


of 3 parallel 6C5 tubes. When working with a 
I type vibrator use was made of a transfomer 
connexion of the output cascade with the 
vibrator. The output cascade of the amplifier 
in Fig.1 was replaced by a 30P-1 tube, in the 
anode circuit of which was a transformer with 
an inductance of 2 k, 


FORM OF E.M.F. IMPULSES 


As a result of the studies, a rather large 
number of various oscillograms of em. f. 
impulses was obtained, corresponding to the 
metallic components of the upper structure of 
the track, and also to dangerous and non- 
dangerous defects in the head of the rails. 
Before proceeding to an analysis of the 
oscillograms corresponding to dangerous 
defects, we will] consider qualitatively the 
e.m.f. developed in the coil during its 
movement over a section of the track (Fig, 2a). 
We will assume that the rails are magnetized 
in a longitudinal direction and the coil moves 
over them with a constant velocity, the plane 
of its tums being perpendicular to the 
longitudinal axis of the rails. The 
dependence of the tangential components of 
the field over the indicated section of the 
rail on the distance along it is shown in 
Fig. 2b. 

It can be seen from the last graph that 
the magnetic field over the ties and fish 
plates is weakened whereas over the gap 
between the rails it increases sharply. 

In the coil during movement along the 
rail an e.m.f. develops, the dependence of 
which on the co-ordinate along the rail is 
shown in Fig.2c. It can be seen from this 
graph that over the gap and tie plates 
symmetrical sign-variable impulses develop 
and at the ends of the fish plate - one- 
sided mutually opposing impulses. We wil] 
call the impulses over the gap and similar 
impulses positive, meaning by this that 
their formation is linked with an increase 
in the field, and the impulses corresponding 
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to the sleeper plates and impulses similar 

to them, - negative, since they arise as a 

result of a decrease in the field, The im- 
pulses from the gap and tie plates are op- 

posite in phase. We will cal] the impulses 
symmetrical, if the amplitudes of their hal f- 
waves are practically the same and asynmmet- 
rical if their amplitudes are different. 


Fig. 2. a - part of rail section: 1 and 2 - rails; 
3 - fish plate; 4 - connecting bolts; 5 - tie 
plates. 

b - the dependence of the tangential component of 
the field over the rail section, when it is in a 
longitudinal magnetic field, on the co-ordinates 
along the section; 

c - dependence of the e.m.f., induced by the 
tangential component of the field in a coil during 
its movement over the rail section, on the co- 
ordinates along the section. 


Fig. 3. E.m.f. oscillogram corresponding to the 
passage of the coil over the rail section given 


in Fig. la. 


Fig. 3 gives a typical oscillogram of an 
e.m, f. developed in a coil during its passage 
together with the magnetizing device over a 
section of the rail. The components of the 
oscillogram correspond to the curve of Fig. 2c, 
i.e, the impulse from the gap between the 
rails is actually caused by the increase in 


the field, whereas the impulses from the tie 
plates are caused hy a decrease in the field. 

The other metallic components of the rail- 
road; switches, frogs, guardrails, insulated 
and welded fishplates give their characteristic 
e.m,f. impulses, Without analysing the oscil- 
lograms corresponding to these components of 
the track, we observe certain of their 
features. The impulse from the point of 
the switch has much in common with the 
impulse from the gap between the rails; the 
impulse from the frog to a certain extent 
resembles a group of impulses from the 
fishplate and gap between the rails; as a 
rule, the guardrails give signals in the fom 
of impulses from the tie plates but differ 
in phase and amplitude, etc. The impulses 
caused by metallic components of the track 
differ from impulses corresponding to 
dangerous and non-dangerous defects in rails 

Studies have shown that many defects in the 
head of the rails are revealed at a high 
speed of the magnetizing device. The 
appearance of defects and the character of the 
e.m. f. impulses depend on the size of the 
defects, their position in the head of the 
rails. speed of movement and magnetizing 
ampere turns. The appearance of defects is 
determined by the amplitude of the e.mf. 
impulses which the defects set up in the 
detection coil. In this connexion we first 
consider the shape of the e.m.f. impulses 
caused by the defects in the rails. The 
most characteristic positions of defects 
in the rail head, essential for further 
description are given in Fig.4. 

The impulses from the defects can be posi- 
tive or negative. Fig. 5 gives an oscillo- 
gram of the impulse from a transverse crack, 
opening on to the lateral surface and par- 
tially on the rolling surface of the rail 
head, the latter, as shown by later frac- 
ture, was damaged by a crack over three- 
quarters of its transverse cross-section. 

As can be seen from the oscillogram, the 
defect is over the crosstie, the impulse from 
the defect considerably exceeding the impulse 
from the tie plates and they are opposite in 
phase. Consequently, the impulse from the 
transverse crack coincides in phase with the 
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impulse from the gap between the rails. 


Pig. 4. Transverse and longitudinal defects 

in rail heads (transverse cracks are shown by the 
light sections, and the longitudinal cracks by 
lines): 

1 and 2 - transverse cracks opening on to the 
under part of the head and on to the lateral 
surface of the rail head respectively; 

4 and 5 - internal transverse cracks at one 
side of the vertical axis of the rail; 

? - internal transverse crack in the central 
part of the rail head; 

6-8 - longitudinal horizontal stratifications, 
opening on to both lateral surfaces of the rail 
head, on to one lateral surface and internal; 

9 - one of the varieties of the vertical 
stratifications of the rail head. 


Impulse from defect 


Fig. 5. Oscillogram of impulse caused by a 
transverse crack opening on to the rolling 
surface and affecting 3/4 of the transverse 
section of the rail head. 


The opposite type of impulse is given in 
Fig.6. It is caused by longitudinal, hori- 
zontal stratification, extending to one 
lateral side of the rail head, the visible 
length of stratification being about 10 cm. 
It can be seen from Fig.6 that the impulse 
from the defect is symmetrical, coinciding 
in phase with the impulse from the tie plate 
and comparable with it in value. 

All forms of impulses corresponding to 


Rail defects 


defects are given schematically in Fig. 7. 
Longitudinal horizontal stratification (see 
defects 6-8 on Fig.4) regardless of their 
position along the height of the rail head 
appear in the form of three impulses 5-7, 

given in Fig.7. A general feature of these 
impulses is the fact that they coincide in 
phase with the impulses from the fish plates 

4 and they are opposite in phase to the 
impulse 7 from the gap between the rails. 

The impulses 5-7 are symmetrical, the distance 
between the half-wave amplitudes of opposite 
sign indicating the length of the defects 
along the rails. The longest defect is 
represented by impulse 7 and the shortest by 
impulse 5. 

The vertical longitudinal stratifications - 
internal and opening on to the surface, for 
example, the defect 9 in Fig.3 -— appear in the 
form of impulses & (Fig.7). This impulse 
coincides in phase with the impulses 5-7 from 
longitudinal horizontal stratifications of the 
rail head. The distance between the half-wave 
amplitudes of opposite sign represents the 
length of the defect along the rails. Between 
the half-waves of impulse 8 there is a number 
of small impulses of different shape caused 
by sagging and widening of the rail head 
accompanying this form of defect. 

Of considerable interest are the impulses 
from the transverse cracks placed partially 
or fully on one or other sides of the vertical 
axis of the rails and opming into the zone 
below the head, on the lateral surface or 
the comparatively shallow-lying defects 1, 2 
and 4, 5 in Fig. 4. As a rule, these defects 
give impulses 9-11, which are of the same 
type, differing, reading from left to right, 
only in their falling sections on the right. 
Thus, the end of impulse 9 is recorded with a 
heavier line in comparison with impulse 10, 
and impulse 11 is characterized by its right 


Fig. &. Oscillogram of impulse from longitudinal 
horizontal stratification of a rail head, opening 
on to one lateral surface for a length of 10 cm. 
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part merging into a point. Impulses 10 and 
11 are variations of impulse 9. They all 
coincide in phase with impulses 5-7 from the 
longitudinal stratifications, The impulses 
from the internal defects are smaller in 
amplitude than the impulses from defects 
which open on to the surface but are some- 
what wider than them. 


Fig. 7. E.m.f. impulses induced in the detection 
coil by defects and non-dangerous flaws in the 
rails and also by certain components of the 
structure of the road: The impulses correspond 
to: 

1 - the gap between the rails; 2 and 3 - the ends 
of the fish plates; 4 - tie plates; 5-7 - various 
longitudinal horizontal stratifications; 8 - 
vertical stratifications; 9-15 - various trans- 
verse cracks; 15 - non-dangerous cuts in the 
lateral face of the rail head; 16 - hollows from 
hammer impacts; 17 - sections of locomotive 
sliding; 18 - blisters; 19 and 20 - inaccuracies 


in the apparatus. 


The impulses 15 represent internal 
comparatively strongly developed transverse 
cracks, lying relatively deeply. A defect of 
this type is shown in Fig, 8 It was revealed 
by a differential coil, since for the study of 
the appearance of all other defects a single 
coil was used. As can be seen from Fig. 6, 
impulse 15 is comparatively small, symmetrical 
and coincides in phase with the impulse from 
the gap. 

The strongly developed transverse cracks in 
in the rail head, placed asymmetrically with 


respect to the vertical axis of the rails, 
usually appear in the form of impulses 12-14, 
which are more complex than the impulses 
considered above, and also in the form of 
impulse 17, coinciding in phase with an 
impulse from the gap between the rails and 
comparable with the latter in value, The 
transverse fracture of the rails and crack 
opening on to the rolling surface or dama- 
ging practically all the transverse sections 
of the rail head usually cause impulses of 
the type 1. 

We will consider briefly the form of 
impulses corresponding mainly to the most 
frequently encountered non-dangerous defects 
in the surface of the rai] head, Thus, cuts 
in the lateral surface of the rail head 
cause type 15 impulses, coinciding with 
impulses from internal transverse cracks, 
placed symmetrically with respect to the 
vertical axis of the rails. Hollows caused 
by hammer blows give type 16 impulses, In 
form they coincide with impulse 7 from 
horizontal longitudinal stratifications of a 
rail head, but differ by a much smaller 
length in the direction of the unfolding, 
Cracks in the scab give very narrow impulses 
of the type 1, 15 and 16, readily distin- 
guishable from similar impulses caused by 
dangerous defects, The sections on which 
sliding of the locomotives took place appear 
in the form of a special impulse 17, and 
also in the form of impulses 10 and 12, but 
wider than the corresponding impulses from 
transverse cracks, Holes formed as a result 
of the metal chipping within the limits of 
the sections on which sliding of the loco- 
motives took place usually appear in the 
in the form of characteristic impulses 
18. The impulses caused by inaccuracy in the 
apparatus give one-sided very narrow im- 
pulses 19 and 20. This makes it compara- 
tively easy to differentiate between im- 
pulses caused by dangerous defects and those 
caused by non-dangerous defects. 

Thus, dangerous defects encountered in the 
rai] head appear in a comparatively limited 
number of impulses. The longitudinal - 
horizontal and vertical - stratifications of 
the rai] head produce impulses different from 
all other impulses affecting the detection 
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coil. On this basis they can be distinguished 
from the collection of recorded impulses. 
Negative impulses, corresponding to transverse 
cracks, can also be distinguished from the 
total number of impulses, However, positive, 
impulses, corresponding to internal] compara- 
tively deep transverse cracks, are separated 
from the total] number of impulses only 
together with impulses caused by non-dangerous 
cuts in the lateral face of the rail head, 
Impulses corresponding to cuts can be recog- 
nized when inspecting corresponding members of 
the railroad, since the cuts are visible 
defects. Nevertheless, when considering the 
oscillograms it is usually possible to exclude 
more than 99 per cent of the impulses recorded 
on the film, This is of considerable 
practical importance. 

The shapes of impulses described here were 
obtained at speeds of up to 50 km/hr, It was 
shown later that many defects in the rail head 
are revealed satisfactorily when moving at up 
to 90 km/hr, except for the internal compara- 
tively deep transverse cracks of the type 
shown in Fig.8. Apparently these defects do 
not show up at speeds greater than 50 km/hr. 
In this case type 15 impulses correspond only 
to non-dangerous cuts in the lateral face of 
the rail head. 

We studied the duration of e.mf,. impulses 
set up in the detection coil by transverse 
cracks in the rail head, About 30 oscillo- 
grams were chosen with impulses of the type 
mentioned, From the oscillograms hy means of 
a metal microscope a determination was made of 
the extension of the disorder in the direction 
of unfolding in time, The speed of the source 
of field relative to the rails was calculated 
from oscillograms from the distance between 
impulses from the joints between the rails, 
Using these data, a determination was made of 
the duration of impulses from the defects 
under consideration. The results are given in 
Fig. 9. 

The data given in Fig.9. made it possible to 
evaluate the relative error in the reproduc- 
tion of the form of the e.m.f, curves hy the 
viorators of the oscillograph. This error for 
a well-defined rectangular impulse of corres- 
ponding length, from our evaluation according 
to the Kharchenko method [6], is within the 
limits of 10 per cent, Well-defined curves in 


Rail defects 


our tests were impulses from the edges of the 
fish plates and from the comparatively long 
longitudinal defects, All other impulses 
were Of variable sign, in connexion with 
which the accuracy of their reproduction is 
apparently higher, 


Fig. 8. A transverse crack in a rail head, 
symmetrical about its vertical axis. 
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Fig. 9. The dependence of — (t duration of 


impulse) on the speed v; 
1 ~ theoretical for a static field of a defect; 
2, 3 - limits observed in practice. 


The accuracy of reproduction of curves hy the 
type IV vibrator at speeds of up to 50 km/hr 
is not less than that for a type 1 vibrator 
at speeds of up to 90 km/hr. 


MECHANISM OF APPEARANCE OF DEFECTS 


It can be seen from Fig.6 that the impulses 
from the dangerous defects — longitudinal and 
transverse, including transverse fracture of 
the rail, -— can be put into 3 groups, Firstly, 
type 1 and 15 impulses are a group of positive 


3%, 


Rail defects 


impulses, caused hy increase in field over the 
defect section of the component. The opposite 
group of impulses, caused hy decrease in the 
field over the defect section of the compo- 


nent, contains impulses 5-8 from longitudinal — 


horizontal and vertical -— stratifications of 
the rail head, and also 9-11 impulses from 
some transverse cracks, The third group, 
intermediate between the previous groups, con- 
tains 12-14 impulses from transverse cracks. 

From the point of view of usual ideas on the 
field of the defect, the field being caused by 
magnetization, it is possible to explain only 
the formation of a group of positive impulses, 
In fact, under conditions of magnetostatics 
the presence of a defect in the component 
leads to an increase in the tangential com- 
ponent of the field over the defect section 
of the body. The field of the defect caused 
by magnetization appears in a pure form only 
in impulses caused by the gap, transverse 
fracture of the rails, certain strongly 
developed transverse cracks and, possibly, in 
the case of impulse 15, internal transverse 
cracks placed almost symmetrically with 
respect to the vertical axis of the rails. 
The explanation of the negative impulses 5-® 
from the longitudinal - horizontal and 
vertical -— stratifications and impulses 9-11 
from transverse cracks, proceeding from the 
magnetostatic field of the defect, is not 
possible. 

It can be further assumed that the for- 
mation of negative impulses is caused hy an 
increase in the magnetic permeability in the 
region of the defect section of the rail in 
comparison with the permeability in the 
remaining non-defect section, for example, 
due to the action of variable-sign forces 
accompanying fatigue phenomena (the latter 
have an effect on the magnetic properties of 
the component [7]). The field over the 
defect section of the component should then 
be less than over its non-defect section. 
However this is not observed in practice. 
Consequently, fatigue phenomena do not 
explain the formation of negative impulses 
from longitudinal and transverse defects, 

Currents set up in the rails during their 
magnetization by a moving electromagnet, 
have an effect on the formation of e.m. f. 


inpulses in the detection coil during its 
passage over the defect section of the rail. 
The currents in the rails, as shown in 

paper [8], flow in the rail head at a cer- 
tain angle to the plane of the transverse 
defects. encountering a defect - longi- 
tudinal or transverse — the electric currents 
flow round it, the average length of the 
current paths then apparently increases in 
comparison with its length in the non-defect 
section of the rail, Because of this, the 
field of the current over the defect section 
of the rail decreases. It follows that the 
e.m.f, impulses from the longitudinal strati- 
fications and transverse cracks should be 
negative. This is supported by impulses 5-& 
from longitudinal stratifications and impul- 
ses 9-11 from transverse cracks, 

We will now analyse the role of the field 
of currents and the field caused by magneti- 
zation of the component, in the formation of 
e.m.f. impulses in the coil during its 
passage over the defect section of the rails. 
For this purpose, we use the tangential 
component of the resultant field H. It can 
be presented in the form of the sum of 
tangential components of the fields of the 
external Pe polarized or demagnetized H_, 
and also the field of the defect Ay which 
is caused by the magnetization of the compo- 
nent and the field H§ of the eddy currents, 
Omitting the sign of the tangential compo- 
nent, we have 


H=H,+H, +H, +H. 


Of importance in the formation of e.nm, f, 
impulses is not the absolute value of the 
field, but its increase, H, and in the 
first approximation H, are constant. Con- 
sequently, for increase in field we have 
the expression 


AH = 


Over the defect section of the body AH, 


> 0 and oO, 
write 


We can therefore 


All =|AH,|— 


Rail defects 


The e.mf. is therefore determined by the 
difference between the increases in the 
fields, caused by magnetization of the 
component, and the eddy current, This gives 
rise to the following. If |JAH,| <|AH,, 
the increase in the field over the defect 
section of the body is determined hy the 
field of the current, i.ew AH =AA;. In 
this case, symmetrical negative impulses 
should be observed. The appearance of 
longitudinal stratifications is presumably 
due to the field of the currents, If 
\AH,| > AH; |, then the detection of de- 
fects is by means of the field caused ty the 
magnetization of the component, since AH = 
A\H,. Under this condition there is 
apparently formation of impulses from the gap, 
transverse fracture of the rails, some trans- 
verse cracks, openingon to the rolling surface, 
and non-dangerous cuts in the lateral face of 
the rail head. 

As regards impulse 15 (see Fig.6) from the 
intemal transverse cracks placed symmetri- 
cally with respect to the vertical axis of 
the rail, they are apparently formed mainly 
due to the forcing of the current from the 
central part of the rail head to its 
periphery, and not due to magnetization of 
the component. This is supported by the fact 
that slightly inclined transverse cracks of 
this type show up comparatively better than 
those which are strictly transverse. How- 
ever, in this case Alls >0 and AH, > 0. 
It is therefore possible that the impulse 
from the defect under consideration is formed 
not only by the current, but also due to 
magnetization. 

In those cases where the increases in the 
fields are comparable, i.e. |AH,|~|AH. |, 
and the condition |AH;| # |AH,|, is ful- 
filled, then the e.m,f, impulses should 
apparently be small, In actual fact cases 
occur where the comparatively strongly 
developed transverse cracks give relatively 
small] impulses, 

With development of the transverse cracks 
from being internal to the stage where the 
defect opens out on to the rolling surface, 
the e.m.f, impulses change from negative to 
positive. This explains the group of 
impulses 12-14, which should be considered 


as being intermediate between positive and 
negative. At a certain moment of time, when 
|AH,| =\|AH;|, AH =0 and, consequently, 
the impulse disappears, The transition from 
negative to positive impulses takes place 
comparatively slowly. With systematic in- 
spection of the rails it is always possible to 
establish the presence of a defect from those 
forms of impulses corresponding to earlier 
stages of its development. 


SUMMARY 


Studies were made of the appearance of 
defects and the corresponding shapes of e,m, f, 
impulses developed in the detection coil] when 
moving together with a magnetizing device over 
defect rails at speeds of up to 90 km/hr, 

A mechanism was established for the appear- 
ance of defects in rails, it being shown that 
the currents set up in the rails take part - 
partially or fully - in the formation of 
e.m.f, impulses; the possibility was shown 
of separating useful signals from various 
disturbances which cannot be avoided under 
conditions of fast flaw detection in rails, 


Translated by J. Thompson 
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One of the most important problems in 
electron microscopy is the use of the 
sighting method, which makes it possible to 
study in the electron microscope an 
accurately fixed specimen selected on a 
section during observation in an optical 
microscope. When preparing replicas of the 
sample (necessary for studying with the 
electron microscope) the surface of the 
section should be, as far as possible, free 
from any reactions, changes, and lend 
itself to repeated study. 

There are many variants of the sighting 
method [2,3, 5-8], however they are very 
little used in studies since much care is 
needed in preparation to obtain good 
results. 

At the present time, on the basis of 
experience, it is recommended that well- 
founded operations of laboratory technique 
be used to apply the sighting method in 
electron microscopy. 

The sequence of these operations is as 
follows: 

1. Marking the section. At a distance 
of 0.2-0.3 mm from the part to be studied 
marks are made (measuring about 0.05 mm) by 
means of a diamond pyramid, Later, on the 
polystyrene replica of the section these 
marks can easily be seen with the naked eye, 
using side illumination. If the “target’’ 
can easily be “recognized” in the electron 
microscope, examining a region extending 
0,05-0.10 mm, then the marking is satis- 
factory. In the opposite case, additional 
marks measuring 0.01 mm are placed at a 
distance of 0.02-0.03 mm from the target. 
Marking with scratches, as proposed in 
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certain variants of the sighting method, is 
not recommended since they usually lead to 
tearing of the replica in subsequent opera- 
tions. 

2. Preparation of polystyrene replica. 
Since the problem was to prevent action on the 
section of heat and mechanical effects, the 
polystyrene replicas were made hy successive 
pouring of 0.5, 1,2 and 5% solutions of poly- 
styrene in benzene over the specimen. The 
layer of solution was thin to prevent bubbles 
forming during drying. The replicas were 
dried in a stream of hot air (55-60°C) for 15 
min after each pouring (a fan or similar 
dryer was used), and then in a desiccator for 
10-15 hr. The dried replicas could readily be 
removed from the specimen. In case of failure 
(when the polystyrene replica or part of it 
could not be removed from the specimen) the 
specimen was washed in ethy] bromide and 
benzene and the whole operation repeated, It 
is recommended that several replicas be taken 
from one specimen in order to select the best. 
The quality of the replicas is checked with an 
optical microscope with a magnification of 
100-200; in an area of diameter 4-5 mm around 
the “target” there should be no bubbles or 
cracks. 

3. Spraying of metal. The metal is sprayed 
on to the contact side of the polystyrene 
replica by the well-known method, in a vacuum 
apparatus for preparation [1,4]. A possible 
defect arises here — contamination by tungsten 
oxide from the coils of the vaporizer; this 
shows up in the electron microscope by its 
characteristic structure. 

Bearing this defect in mind, aluminium was 
chosen for spraying as being the most fusible 
metal of those used in electron microscopy in 
the preparation of replicas. Furthermore, 


28 
VOL 
7 
195 


Sighting method in electron microscopy 


aluminium is suitable for carrying out the 
next stage of the method, consisting of 
immersing the sample in water, 


Fig. 1. Section No.1. Optical photomicrograph 
of the surface of a section marked with an 
instrument of microhardness. x80. 


Fig. 2. Section No.1. Optical photomicrograph 
of the same section as in Fig.1. x800. 


4, Coating the metallic film with collodia 


collodion, To fix the metallic film and to 
stick it to the grid, a layer of collodion 
must be put on it. The collodion film is 
prepared in the usua] way [1, 4] on the 
surface of water (a 1% solution of collodion 
in amyl acetate is used). Using a needle 
moistened in the solvent (amy] or buty] 
acetate), the film is cut up into pieces 
about the same size as the polystyrene 
replicas. The latter, after spraying the 
contact side with metal, are lowered into the 
water and on their metallic side the 
collodion films are pressed; after drying, 
these films adhere firmly to the metallic 


film. 


Standard diaphragms or gratings with a 
0.05-0.10 mm central hole were also covered 
previously with a collodion film in the 
usual way, 

On the side of the dried polystyree block 
covered with collodion, an area is marked 
around the “target’’ with a needle, the area 
being somewhat larger than that of the 
standard grating. The block is clamped 
between two plates with 5 mm diameter holes 
(two razor blades) so that the marked area 
does not touch the edges of the hole in this 
clamp. 

5. The sighting sticking of the replica 
with the grating. Using an optical micro- 
scope (with magnification 100-200) and having 
an additional movable stage connected neither 
with the tube nor with the table, it is 
possible to independently centre the grating 
(or diaphragm) and the polystyrene block, 
placing them with their collodion-coated sides 
next to each other. The adhesion is done in 
vapours of amyl and butyl] acetate, several] 
drops of which are placed on the object table, 
near the grating. So that the grating should 
not become wet, it is placed on a disk with a 
raised centre. The polystyrene block and the 
grating are brought together (by raising the 
table or lowering the independent stage with 
the clamp) until] they touch and are held for 
5 min, The film covered with collodion, in 
the gaps in the grating, including the central 


Fig. 3. Section No.1. Electron photomicrograph 
of the section marked in Fig.2. with a circle and 
No.3; x8000. 
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Fig. 4. Section No.1. Electron photomicrograph 
of the same section marked in Fig.2 vith a circle 
and No.4; x8000. 


hole, usually break through; this is 
favourable since the surplus layer of collodion 
is removed from the metal replica. For 
greater strength, the “target” is best stuck 
not to the central but to the adjacent smallest 
hole of the grating, or specially marked 
gratings should be used, for example, as in 
[5]. 

Adhesion by other methods, for example, glue 
is unsatisfactory, especially for smal] 
gratings of the EM-3 microscope, and con- 
taminates the sample. 

6. Dissolving the polystyrene. The clamp 
with the polystyrene block and the adhering 
grating (or diaphragm) is immersed for 5 min in 
benzene, the grating downwards. The liquid 
quickly acts on the cut round the marked area 
and the grating falls to the bottom of the 
vessel together with the adhering piece of the 
collodion-coated metal film, the contact (with 
polystyrene) side of the film facing upwards, 
on the outside, At the bottom of the vessel a 
piece of grating measuring about 15-20 mm with 
a curled edge is placed in advance. On this 
grating the smal] grating with the film is 
transferred to ethyl bromide (butyl bromide or 
iodide can also be used) for 15-20 min, and 
then in pure benzene for 5 min and dried. 

Figs. 1-6 illustrate the method, 

The correctness of reproduction of the 
section relief can be checked by means of 
repeated preparation of replicas of the same 


Sighting method in electron microscopy 


section. 
In the study of a deep relief (certain 

boundaries between crystallites, large 
corrosion patters) thin polystyrene replicas 
are difficult to remove from the section - a 
part of the polystyrene remains in the 
depressions in the surface, as a result of 
which the impression does not fully corres- 
pond to the studied relief, If thicker poly- 
styree replicas are used in these studies, 
increasing the number of times the solutions 
of polystyrene in benzene are poured over the 
section, the results are much better. 


t 


Optical photomicrograph 
x800. 


Fig. 5. Section No.2. 
of the “target” of another section; 


Electron photomicrograph 
x8000. 


Fig. 6. Section No.2. 
of the part marked in Fig. 5. 


The author thanks Prof, V.I. Arkharov for 
suggesting the problem, and also GA. Kirtaev 
for valuable advice and P.A. Semkov for help 


in the work. 
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SUMMARY 


1. The sighting method in electron microscopy 


is suitable for any metal or alloy. 

2. Taking an impression of the section does 
not spoil its surface. 

3. The experiment can be repeated several 
times with the same section, consecutively, 
“sighting’ will always be achieved. 

4. A picture of the relief can be checked ly 
other impressions of the same part of the 
section. 

5. When studying a deep relief, thicker 
polystyrene impressions should be used. 

6. If it is necessary to increase the 
contrast of the “working’’ impression, it can 
be made to stand out since its “positive” side 
is directed outwards from the grating. For 
this purpose, and also to obtain a stronger 
film, it is possible to use other materials 
instead of aluminium for spraying, for 


example, titanium or carbon, 


Translated by J. Thompson 
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FEATURES OF THE THERMODYNAMICS OF SOLID SOLUTIONS* 
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The usua] thermodynamic (more accurately 
thermostatic) relationships hold for reversible 
processes and equilibrium states, The state 
of an elastically deformed solid with the 


presence of oj, — Shear stresses 


(here oy stress tensors, 4j, single tensor) 
is a thermodynamically unbalanced state, 

In the general case, therefore, the usual 
thermodynamic relationships cannot be 

applied to an elastically deformed solid, and 
the main objects of thermodynamic description, 
when considering the effect of external 
forces, are liquids and gases, 

However, at temperatures much lower than the 
melting point, the time of relaxation of shear 
stresses is so great that the thermodynamic 
non-equilibrium of the shear stresses can be 
neglected and any elastically stressed state 
of the solid can be considered as quasi- 
equilibrium. In this case, the thermodynamic 
relationships can be used for an elastically 
deformed solid, in particular for an 
elastically deformed solid solution, It 
should be borne in mind that the stressed 
state of a solid, as distinct from a liquid, 
is described not by one pressure p, but by 
six variables -— components of the stress 
tensors: Sxz» In view of 
the fact that the time of relaxation of the 
elastic equilibrium is much less than the 
time for establishing concentration equili- 
brium, the components of the tensor of 
stresses should satisfy the conditions of 


elastic equilibrium 9, 
Xp 
In view of the above, we wil] consider the 
thermodynamic properties of a solid solution 


subjected to the action of external forces 


* Fiz. metal. metalloved. 7 No.3, 354-359, 1959. 


in a region of relative stability of shear 
stresses and in a region of applicability of 
the elasticity theory. This is equivalent to 
the supposition that the time for setting up 
concentration equilibrium in the whole of the 
volume considered is much less than the time 
of relaxation of the shear stresses and, 
furthermore, the stresses never exceed the 
elastic limit (i.e. the absence of plastic 
deformation), 

Considering the concentration to be small, 


we find expressions for the chemical potentials 


of the solvent m@, and the dissolved substance 
y+ For liquid solutions the chemical poten- 
tials are functions of the temperature 7, 
concentration c and pressure p, For solid 
solutions #, and mw, are functions of the 
temperature, concentration and stress tensors 
Taking the stresses to be small, we split 
#@, and w, into a series of invariants formed 
fron a), is limited by values of the first 
order, A natural linear invariant formed from 
iS = Gry + Gyy + Consequently, 


(T, Coin) Cc) +a(T, chop, (1) 
C, ie) =p2(T, +0(T, chop, 


where »? (7, c) and p9(7, c) are chemical poten- 
tials in the absence of stresses: a(T,c) and 
6(T,c) functions of temperature and concen- 
tration and do not depend on stresses, 

The expressions for chemical potentials (1) 
and (1%), in an accepted approximation, hold 
for any stressed condition. In the case of 
even compression from all sides (1)-(1’) are 
identical with corresponding expressions for 
the chemical potentials of liquid solutions 


pl and hence = (p — pressure), 
But for liquid solutions in a linear approxi- 
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mation with respect to p we have [1 | 


+ Up—AkTC, (2 
(T, C, (2°) 
=,(T) + kT Inc + 8(T)c + 2p, 


where v, - volume of the particle of the pure 
solvent; v, - volume for one particle of the 
dissolved material in the solution; ek - 
Boltzmann constant; po(7), (7) 1 and 1 8(7) 
functions of temperature, 

The chemical potentials of the solvent and 
the dissolved substance for a solid solution 
(1) and (1%), in the considered approximation, 
we find from (2) and (27), by replacing the 


pressure p by the value ia 


C, = (T) — (3) 
ta (7, = (3%) 
= 4 (T) + kT Inc B(T) ¢ — 

For a solid solution v, is conveniently 
represented in the form v, = Bw. 

The volume of solution in the absence of 
tensions will then be 


V =Ny, 4+ 30v,n = Nv, (1 + 3c), (4) 


where N is the number of particles of the 
solvent and n the number of particles of the 
dissolved material. From (4) we find the 
dependence of the “average” lattice para- 
meter aon the concentration* 


a= y = (1 +4 we). (5) 


It follows from (5) that wis the concentra- 
tion coefficient of the lattice parameter, 
Finally, the chemical potential of the 
dissolved substance in the solid solution 
takes on the form 
Sik) = 


= + kT Inc + 8(T)¢— 


Expression (&) was obtained previously by 
another method [2]. 


(6) 


* The term “average” lattice parameter means the 


value averaged for all directions in the crvstal. 


Using the expressions for chemical potentials 
(3) ands«(6), we will consider some actual 
problems in the thermodynamics of solid solutions, 
when the instability of the shear stresses can 
be neglected. 


EQUILIBRIUM CONCENTRATION OF VACANCIES 


If the vacant spots at the crystal lattice 
points (vacancies) are considered as a weak 
“solution of vacancies’’, then, in view of the 
fact that the number of vacancies in a body is 
not constant, in the condition of concentration 
equilibrium the chemical potential of the 
vacancies is zero [3] ** 

AT Inc + Be — (Fa) 

If we consider that the “volume of vacancies” 
is equal to the volume of the atom, then the 
volume of a body with vacancies V will be 

V =V,+V oc =V,(1 +0), (6b) 
where Vo is the volume of the body in the 
absence of vacancies, Comparing the latter 
expression with (4), we find that for 


vacancies w ae Consequently for 


equilibrium 
kT Inc + Yo (7) 


Hence the change in the equilibrium 
concentration of vacancies, caused by the 


stresses will be 


Co U1 
where Co is the equilibrium concentration of 


vacancies in the absence of stresses [3]. 


** The equilibrium concentration of vacancies, 
as for other particles, the number of which can 
vary arbitrarily in a body, is determined from the 


condition 0, where - 


thermodynamic potential of a body with vacancies; 
c - concentration of vacancies. 


Thermodynamics of solid solutions 


Using relationship (8), we find the equili- 
brium distribution of vacancies near a 
spherical pore of radius ?, in an isotropic 
body of unlimited dimensions, 

Let external forces be absent at infinity, 
then at the boundary of the pore, the pressure 
caused by the curvature of the surface 


p,=- aon where a - coefficient of surface 


tension. 
The displacement u and the stresses in this 
case will be [4 ] 


ak? 


E r? 


2a R® aR? 


r3 
where FE - Young’s modulus; v - the Poisson 
coefficient; o,, - the radial component of 
stresses; 9 and o9@ - tangential compon~ 
ents of stresses (in mutually perpendicular 
directions). 

From (9) we find 


= Sry Syy + = 5,, | + oy, = 0. (98) 


From (8) it follows that 


(10) 


i.e, the stressed condition, caused by the 
curved surface of the spherical pore, in the 
first approximation, does not affect the 
equilibrium concentration of the vacancies, 
The equilibrium concentration of the vacancies 
is apparently the concentration of the 
‘‘saturated with vacancies’’ solution, 

We notice that the formal transfer of 
thermodynamic relationships of liquid solu- 
tions to solid solutions (i.e, using expres- 
sion (2%), for solid solutions and not (6) ) 
leads to a widespread erroneous idea that the 
concentration of vacancies near the pore 
exceeds the concentration of vacancies over 


2aCo V 
1° 


h ne surface by the value 6c = 
the pla y 


ELASTICITY OF SATURATED VAPOUR 


Let the solid and its vapour be in equili- 
brium with one another, In this case, the 


vapour will be saturated. A condition of 
equilibrium is the equality of the chemical 
potentials of the solid fy and vapour He vap* 
As is known [1] 

Inp +¢(T), (10a) 
where p - vapour pressure; (7) - a function 
of temperature, Consequently, in equilibrium 


(10b) 


by (T) — — = AT inp +9(7). 


Hence the change in pressure of the saturated 
vapour, caused by the stresses will be 


(11) 


where po is the pressure of the saturated 
vapour over the plane surface, 

In the case of a spherical pore in a solid, 
as already observed, a1, = 9 and, consequent - 
ly from (11) we have Sp =O, i.e. the 
stressed state, caused by the surface tension 
forces at the boundary of the spherical pore, 
does not cause in it changes in saturated 
vapour pressure, 

In the case of a continuous solid sphere of 
radius /’, under the action of surface tension 
forces, as follows from the theory of 
elasticity [4], 


= Soe = 599 = 


62 


and (11) assumes the form 
(11b) 


This expression is well known from the theory 
of liquid solutions, 


CONCENTRATION OF SATURATED SOLID SOLUTION 


We wil] consider the dependence of the 
concentration of a saturated solid solution 
on the dimensions of a solid sphere of pure 
dissolved material. 

The concentration of a saturated solution 
is determined from the condition of equality 
of chemical potentials of pure soluble and 
dissolved substances in solution. From (3) 


34 
| 
= 
| 7 
_19! 
OC 
2a 
(11a) 
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and (&) we find 


= + kTInc 
where g/!) refers to a phase, consisting of a 


(12) 


pure soluble substance and a!) to the solu- 


tion, 
From (12) we obtain 


Cov (2 
kT 3 


where Oc — the change in concentration 
caused by the stresses; Cy - the concentra- 
tion of the saturated solution in the absence 
of stresses, Expression (13) is a generali- 
zation of the well—known Thomson formula for 
solid solutions (in the limits of applica- 
bility of the theory of elasticity and 
stability of shear stresses), For a liquid 


the external pressure 
the pressure in the sphere 


and the relationship (13) Pi =~ 
becomes the wel] known Thomson formula [5] 


215 (14) 


kTR 


We will consider in a solid solution a 
spherical cavity of radius R. In this cavity 
let there be a solid sphere of pure soluble 
material, the radius of which in an unstressed 
condition is R+ A. This difference in 
radii can arise when heating the whole body, 
owing to the difference in the coefficients 
of thermal expansion of the solid solution and 
the pure soluble material; or in the forma- 
tion of a sphere of radius R+A, by 
decomposition of the supersaturated solid 
solution accompanying the change in volume, 

We find the dependence of the concentration 
of the saturated solid solution on its 
stressed condition. The coefficient of sur- 
face tension at the boundary sphere-solid 
solution is designated by a. We designate 
the displacements and radial stresses in the 
sphere by us and of}. in the solution by u, and 
(2) 


Srr 


6c = 


The solution of these values is in the form: 


= b 
u, = + — 
r- 


for boundary conditions 


utA=u, when r=R, 


2 1 22 
when r=R, 


when = ©, 
we find 


6 + 2QuA 


The relationship (13) takes on the form 


a+ (15) 
4 

3 K, 

where K, — the modulus of compression of a 

pure soluble material: jm — the shear modulus 

of the solution, 

In the case of a liquid pw = 0, and (15) 
becomes (14). 

All the values on the right-hand side of 
equality (15), except A, are positive; A 
can be taken as having positive and negative 
values, Therefore, for a+2pA >0 the 
concentration of the saturated solid solution 
increases with decrease in the radius of the 
sphere, For a +2yA <0 the concentration 
of the solid solution decreases with decrease 
in the radius of the sphere, 

Equation (15) holds when the relaxation of 
shear stresses (i.e. processes of self- 
diffusion) is neglected in comparison with 
diffusion processes, This can occur for the 
case of smal] volumes considered (since the 
time of relaxation of the shear stresses does 
not depend on the dimensions of the body, the 
time of diffusion relaxation increases in 
proportion to the square of the dimensions of 
the body). Conditions for which relationship 
(15) holds should therefore be expected near 
the surface of the sphere, 
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THE FINE STRUCTURE OF CRYSTALLINE PARTICLES OF URANIUM* 
V.V. RYARBKINA and B.V. SHAROV 
ITEF Academy of Sciences of the U.S.S.R. 
(Received 21 September 1957) 


The method of X-ray microdiffraction has 
revealed a mosaic nature in the crystalline 
grains of alpha-uraniun, 

The structure of uranium determines 
certain properties of the heat evolving 
elements, for example, the mechanical 
strength, radiation stability, etc. How- 
ever, the study of the crystalline structure 
of uranium has met with considerable diffi- 
culties. The usual] metallographic methods 
have not revealed the internal structure of 
uranium grains, 

French workers [1,2] have been able to 
show the mosaic nature of uranium grains by 
two methods: (a) by preparing fine oxide 


films on a section in a rarified atmosphere; 
(b) by X-ray diffraction (by the Laue method) 


of a fine edge, obtained by electrolytic 
etching of a uranium wire. When studying by 
the first method, a coloured mosaic can be 
seen on the crystalline grain under the 
microscope. The second method shows a 
branching of the reflections on the X-ray 
diagram, which makes it possible to decide on 
the presence of fragments in the grain, 
slightly misoriented with respect to one 
another, 

The existence of fine mosaic structure in 
the grains of uranium is conclusively shown 
in the present paper by the sensitive struc- 
tural method of X-ray diffraction. The 
method is based on the preparation of an 
X-ray diagram of a section of the sample, 
very close to the surface under investiga- 
tion, at a distance of about 0.1 mm, A 
feature of the X-ray diagram is the fact that 
each point of the image on it has a corres- 
ponding point on the surface of the sample 
being studied. 

The X-ray photograph was taken hy a special 
camera [3]. The main component of the camera, 
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the sample holder, is shown in Fig.1,. The 
sample (2) is pressed to the stops of the 
holder (1), as shown by arrow A. The photo- 
graphic plate (3) is placed on top of the 
holder so that one end of it is raised by the 
ledges B, and the edges rest in the vertical 
surfaces of the holder, The X-ray beam is 
directed into the narrow gap between the 
sample and the photographic plate (as shown 
by the arrow C) so that the photographic 
emulsion is not illuminated, 

The diffraction beams from the crystal - 
lites, satisfying the condition of reflection, 
give an image on the photographic plate. Due 
to the high absorption by uranium of soft 
X-rays, only the fine surface layer causes 
reflection. Owing to the fixed position of 
the sample and the photographic plate, it is 
possible to place the metallographic and X-ray 
diffraction images together, The arrangement 
used is shown in Fig, 2, Moving the tube of 
the microscope, observations can be made in 
reflected light, focusing in turn the image on 
the developed plate and the section of metal 
surface lying below it, 

The uranium used was natural uranium of 
high purity, re-melted in a vacuum of 107* mm 
Hg. The samples were cut to the required 
dimensions by the electrical spark method, 
The surface under investigation was ground 
mechanically, after which it was treated 
electrolytically to remove a deep layer. 

The composition of electrolyte (by volume): 
acetic acid 90 per cent, chromic acid 10 per 
cent, 


Electrolytic Treatment 


Current 
density 


(A/mm?) 


~ 0.025 
~ 0.01 


Polishing 
Etching. . 
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Crystalline particles of uranium 


After the sample was carefully washed with slightly turned with respect to one another, 


water the granular structure showed up The reflecting atomic planes, due to the 
clearly on its surface. mosaic nature, determine the fragmentary 


Hundreds of X-ray photographs were taken character of the X-ray reflections. 
with Cukg, Fekg and CrXq radiations, The 
possibility of observing the usual metal- TTT) 


lographic image of the grain, fixed on the 
X-ray photograph, was a valuable addition to Bia ee 
the method of diffraction X-ray microphoto- 


graphy. “Oblique’’ reflections were not con- Fig. 3. Geometry of X-ray reflections (131) and 
sidered since they could not correspond to a (112) from uranium with Crk gq -radiation. 
section of the metallic surface lying under 

the X-ray photograph, 


Fig. 1. External view of sample holder for X-ray 
Fig. 4. Microstructure of uranium remelted in 
micro-diffraction. 
vacuum and slowly cooled with soaking for 30 min 
at 55°C; x120. 


Fig. 2. Device for observing microstructure and 
X-ray micro-image in turn on the same section of 
sample; 1 - sample holder; 2 - sample; 3 - photo- 
graphic plate; 4 - lamp; 5 - microscope tube. 


Fiz.3 shows “direct’’ reflections (131) and 

(112) for CrKg radiation, These reflections 

which are intense differ little from the 

normal] to the surface of the uranium specimen, Fig. 5. X-ray diffraction photomicrograph of the 
All X-ray photographs showed that the section of uranium show in Fig.4; x120. Distance 

reflections from the crystalline grains are between sample and photographic emulsion 0.15 mm. 

fragmentary. This shows that the grain of Radiation Crk , by a monochromatized vanadium filter. 

cast uranium consists of units which are Voltage on the tube kV. 


Ss 


Crystalline particles of uranium 


By way of illustration, a photomicrograph 
is given of a uranium specimen (Fig.4) and 
the corresponding diffraction X-ray micro- 
photograph (Fig.5). The grain in the centre 
of the photomicrograph was subjected to 
X-ray reflection after triple machining of 
its surface (mechanical grinding on a micron 
abrasive, electrolytic polishing and etching). 
The changing position of the carbide inclu- 
sions and their number did not alter the 
character of the X-ray reflection. Rotating 
the sample about the axis ( (see Fig.1) by 
one radian during the exposure increased the 
number of reflected fragments but somewhat 
blurred the reflections. 

A study of fine-grain rolled bars of 


uranium was not successful due to the insuf- 
ficient resolving power of the method. The 
mosaic character of the grains is detected 
after quenching the sample from { -phase. 


Translatea by J, Thompson 
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THE MEASUREMENT OF THE TRUE THERMAL CAPACITY OF 
HEAT-RESISTING STEELS* 
V.E, LIUSTERNIK 


Dzerzhinsky All-Union Thermotechnical 
Scientific Research Institute 


(Received 26 August 1957) 


The measurement of the true thermal capacity 
of steel presents considerable interest. 
Firstly, the facts conceming thermal capacity 
are necessary for thermotechnical calculations, 
secondly, the investigation of the tre 
thermal capacity is important for the develop- 
ment of physical metallography. All the 
effects connected with the change of structure 
of metal emerge in relief with the measurement 
of thermal capacity, as they are accompanied 
by the thermal effects of the change in the 
internal energy of the crystalline lattice of 
the metal. 

This enables one, according to the behaviour 
of the true thermal capacity, to judge about 
other characteristics of steel (e.g. tenacity 
and heat-resistance). 

At the same time one can determine the 
critical phase points, and estimate quantitat- 
ively theheat of transformation. Above all a 
desirable method for the exact measurement of 
the true thermal capacity of solid bodies at 
present is the method of direct heating of the 
material being investigated, Nevertheless, 
the very conditions of heat supply to the test 
piece investigated, the methods of measurement, 
and the calqwlation of the original size are 
very diverse [1-5]. 

The development of methods was carried out 
on account of the necessity of receiving 
exact data concerning the true thermal capacity 
in the temperature ranges of 50-800°C. 

For the investigation of the true thermal capacity 
of steel we adopt the method of continuous heating 
of the testpiece in an adiabatic calorimeter with 
an automatic regulating system. The cylindrical 
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testpiece, prepared from the material of which it 
is necessary to determine the thermal capacity, is 
continuously heated at a constant rate in a wide 
range of temperatures (Fig.1). 

Along the axis of the test piece is made an 
opening for the introduction of the heater H, which 
is assembled on a quartz framework, and fastened 
to the top of the test piece K. The rise in 
temperature is measured by the platinoid platino- 
rhodium thermocouples t, which are installed in 
the body of the testpiece in narrow and long 
channels. The true thermal capacity Cp is deter- 
mined from the equation of the thermal equilibrium 
of the test piece. 


(1) 


where 7 is the thermal power supplied to the test- 
piece; G is the whole testpiece with the top; 


at is the rate of rise of temperature of the test- 


piece. 


t 


Controller 


of temperature 


Fig. 1. Diagram of the apparatus for the determina- 
tion of the thermal capacity of stainless steels. 
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True thermal capacity of heat-resisting steels 


Equation (1) is correct only under the condi- 
tion, that in the process of heating the test- 
piece there is no exchange of heat with the 
surrounding environment (i.e. adiabatic condi- 
tions). 

For the creation of adiabaticity the piece 
being examined was installed in a cylindrical 
furnace P, and the temperature of the walls of 
the furnace was maintained at the same tempera- 
ture as the surface of the testpiece. 

For the creation of a uniform temperature in 
the furnace, the heating coil (a wire made from 
alloy EI595) is assembled both on the sides and 
on the plane surfaces of the body of the furnace. 

The need for constant regulation of the 
temperature of the walls of the furnace makes 
manual operation of the system difficult. For 
the automatic control of the temperature of the 
furnace a thyratron photo relay is employed, 
which is able to evenly regulate the current of 
the furnace. 

On the surface of the testpiece, and on the 
walls of the furnace are fixed the junctions of 
differential platinum-rhodium thermocouples, 
connected to a sensitive reflecting null- 
galvanometer NG, Electromotive force origina- 
ting in the junctions from the inequality of 
temperatures of the furnace and testpiece, causes 
a swinging of the mirror of the galvanometer, so 
that the light beam thrown back by the mirror 
enters the window of the photo-cell F, which is 
incorporated in the circuit of the grid of the 
photo-relay, and causes a change of the anode 
current of the thyratron. The heater of the 
furnace, included in the anodic circuit, thus 
receives more or less current (from 0 to 2 A). 

The photo relay regulates the current, so that 
the heating of the furnace and of the testpiece 
take place at the same speed; the difference of 
their temperatures amounts to 1°C in all the 
ranges up to 800°C. It is difficult to maintain 
the equality of temperatures more exactly, in 
consequence of the considerable power of the fur- 
nace and the influence of its thermal inertia. 

For more exact maintenance of adiabaticity 
between the test piece and the furnace, a simple 
heating reflector £, is installed, possessing an 
evenly distributed heating coil. The difference 
of the temperatures of the testpiece and the 
reflector (of the order 0 + 0.05°C) in the same 
way is regulated by a differential thermocouple, 


connected with a second reflecting null-galvano- 
meter, This galvanometer controls a second 
thyratron photo-relay. Since the thermal inertia 
of the reflector is small, the sensitivity of the 
galvanometer is high, and the difference of tem- 
peratures of the testpiece and the furnace do not 
exceed 1°C, with the help of the reflector one can 
obtain a sufficiently high degree of adiabaticity. 
All the details of the assembly are located in a 
vacuum casing, where a vacuum of the order 10°? mm 
Hg is produced by means of a fore pump. 

The vacuum protects the testpiece from rapid 
oxidation and diminishes convection currents in the 
apparatus. 

At the time of the tests, especially at high 
temperatures, there are possibly small systematic 
divergencies from the adiabatic condition. These 
errors are taken into account in the calculation of 
thermal capacity by means of a correction (see 
below). 

The equation for thermal equilibrium (1) of 
the testpiece can be written down in the 
following form: 


(C,G + A) +9=Q (2) 


where C. is the true thermal capacity of the 
testpiece; G the complete testpiece (with 
top); A the fixed calorimeter, including the 
themal-capacity heater and thermocouples of 


at 
the testpiece; _ the rate of the rise of 


temperature of the testpiece; q the magnitude 
of heat exchange in consequence of the imper- 
fect adiabaticity of the testpiece; Q the 
input of thermal power to the testpiece. 

The employment of an automatic regulating 
system makes it easy to determine the integral 
magnitude of the heat exchange q. 

The value q is calculated by observation of 
the “movement” of the temperature of the test- 
piece when the heater is switched off, at that 
time when the regulators continue to maintain 
a zero difference of temperature between test- 
piece and furnace, as well as between the 
testpiece and the reflector. 

The temperature field of the furmace and 
reflector, both at the time of raising the 
temperature, and during the pauses remain 
uniform, as a result of careful assembly of 
their heating coils. 


True thermal capacity of heat-resisting steels 


From equation (2) we get 
(C,G +4)“ =0, (3) 
dt 


where ae is the speed of the change of tem- 
perature of the testpiece on switching off 
the heater, 

Joint consideration of expressions (2) and 
(3) will finally give the calculated formula, 


P dt 

that 
dz dt 
is equal to the rate of heating of the test- 
piece with the calculation of the correction 
in the heat exchange. The correction was 
calculated after every 80-100°C and in the 
intermediate periods its linear dependence on 
the temperature was assumed, if within the 
range there were no periods of phase tran- 
sition. 

In all the tests the amount of the correc- 


dt 
Here the relationship| 


tion = did not exceed the limits + 3 per 
at at 
cent of —. 


dz 
The particular tests showed, that a change 
in the rate of heating in wide ranges (from 
5 to 0.5°/min) will not produce a noticeable 
and major, regular deviation in the values 
of the true thermal capacity, if one dis- 
counts the correction in the heat exchange. 


the increase of the thermo-electric e.m.f. of 
the thermocouple of the testpiece and the 
periodic measuring of the output of the heater 
of the testpiece. 

For these measurements a potentiometer 
circuit is used. After this, the measurements 
of the amounts are computed graphically. The 
rate of rise of temperature of the testpiece 
is determined by means of a differentiation 
curve of the fluctuations of the thermocouple 
of the testpiece at the time. An accurate 
calibration of the platinum-platino-rmodium 
thermocouples enables one to find the deriva- 
tive of the thermo-electric e.m.f. with the 
temperature, necessary for the calculation. 

The amount of the overall] error in measuring 
the true thermal capacity, according to our 
estimate is less than one per cent. 
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Fig. 2. Thermal capacity of steels marks 2 x 13 
(0.16 per cent C; 12.7 per cent Cr; 0.4 per cent 
Mn) and E1257. 


The process of the investigation of the 
thermal capacity of steel on the described 
apparatus comes down to recording at the time 


TABLE 1 
The value of the true thermal-capacity of steel mark EI257 


t (°C) 


kcal 
ke’c 


t (°C) 


keal 


t (°C) 


kcal 


Cc, — 
xe’c 


0. 106 
0.110 
0.116 
0.120 
0.123 
0.126 


300 


400 
450 


0.128 
0.130 
0.130 
0.131 
0.133 
0.137 


600 


0.141 
0.146 
0.149 
0.150 
0.149 
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TABLE 2 
The value of the true thermal-capacity of steel mark 1X18N9T 


True thermal capacity of heat-resisting steels 


t(°C) 


kcal 
kg°c 


t (°C) 


keal 


t(°C) 


keal 
P’ 


25 
50 


-113 
118 
-121 
-123 
125 


300 
350 
400 
450 
500 
550 


- 128 
. 130 
-131 
. 133 
. 134 
136 


600 
650 
700 
750 
800 


0. 137 
0. 140 
0. 142 
0. 143 
0.142 


The value of the true thermal-capacity of tempered steel mark 12MX 


TABLE 3 


t (°C) 


keal 
kg°C 


t (°C) 


p 


ke°C 


t (°C) 


keal 
P’ kpc 


50 


150 


250 
300 


107 
-113 
-118 
. 124 
128 
135 


350 
400 
450 
500 
550 


138 
142 
148 
. 156 


600 
650 
700 
750 
800 


0.175 
0.185 
0.212 
5.320 
0.326 


The results of the investigation of the 
thermal capacity of austentitic stainless 
steels of mark IX18N9T (EIAIT) and EI257 are 
set out in Tables 1 and 2, The temperature 
relation of the true thermal capacity of 
steel mark AX13 (Fig. 2), has a sharply 
expressed maximum near 720°C, associated with 
allotropic transformation, Still more 
sharply is said to be the transformation in 
the thermal capacity of low alloy steel wark 
12MX (Table 3). 


transformations of metals in ranges up to 
800-900°C. The application of automatic 
control explains the simplicity of measuring 
with a high precision and of the acquiring 
of data, 


Translated by H, Mansell 
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CONCLUSIONS 


The method described allows one to investi- 
gate in detail] the true thermal] capacity and 
the thermal effects for different phase 


Iron & Steel Inst., No. 24 (1939). 


43 
| 0 0 | 
0 0 
100 0 0 
150 0 0 ; 
200 0 0 
250 0 0 
== 
Pp 
VOL. a 0 0 
100 0 0 
1959 | | 0 0 
200 0 0 
0 0. 167 
1 
3 
5 


STUDY OF THE CREEP OF METALS AND ALLOYS 
5. THE PRIMARY CREEP OF PLASTICALLY 
DEFORMED Pb-Sn ALLOY FILAMENTS* 
Ia.E. GEGUZIN and I.I. VISNNEVSKII 
“A.M, Gor’ kii’’ State University, Khar’ kov 


(Received 19 June 1957) 


It is known (see particularly fi, 2]) that the kinetics of primary creep in 
metals and alloys are very closely hound up with the kinetics of the elimina- 
tion of crystal lattice dislocations in the testpiece. 

Experiments on lead-hase alloy testpieces [2] (in the stability range of the 
alpha solid solution) have shown that such alloys undergo a marked change in 
their creep characteristics, particularly in the primary stage, under the 
influence of plastic deformation. It appears that, at a given degree of 
plastic deformation, the degree of inhomogeneity of the lead-base solid 
solution, which is manifested in the lowering of creep strength, increases with 
increasing alloy content. 

In reference [2]. in which use is made of the concepts of the “exhaustion 
theory’’, it is shown that for a given degree of deformation, the dislocated 
regions forming in lead-base solid solutions require less energy of activation 
for the ‘healing’ process, as the solute concentration increases; at the same 
time, the total number of dislocated regions is increased. 

The work referred to was carried out in order to elucidate in more detail the 
connexion between the kinetics of the healing of dislocations and the kinetics 
of primary creep in substitutional solid solutions. The material selected for 
the investigation was a solution of tin (25 at.%) in lead (75 at.%). This tin 
content is near the solubility limit of the alpha solid solution at the 
eutectic temperature and it can thus be expected [2] that all the effects 
associated with the influence of deformation on creep will be very clearly 
exhibited. 

In the experiments described below, the technique of preparing the testpieces 
and carrying out the measurements was the same as in reference [2]. 


EXPERIMENTAL TECHNIQUE AND ted qualitatively by the results of an 
RESULTS OBTAINED experiment involving observing the creep of 
one and the same testpiece after successive 
Two series of tests were carried out, using heatings in the creep-testing machine. The 
testpieces of lead-tin alloy of the composi- testpiece was first deformed plastically and 
tion referred to above. the tests were carried out at a constant 
The first series of tests was carried out in heating rate [3] (w, = 7°C/min). As can be 
order to elucidate the effect of the initial seen from Fig.1, the consequences of a 
dislocation level of the solid solution proportion of the dislocations being healed 
lattice on the kinetics of primary creep. due to the heating are that creep sets in at 
The existence of this effect can be demonstra- a higher temperature and that it produces 
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Creep of metals and alloys 


less elongation of the testpiece.* 

It should be noted that an analogous 
result to that described has previously been 
obtained on deformed copper testpieces [i]. 

This relationship was studied in more 
detail on testpieces differing in the initial 
dislocation level of the crystal lattice. 
The testpieces were prepared as follows, 
Filaments of the alloy, made by extruding 
through a steel die 0.3 mm in diameter, were 
carefully annealed for 2 hr at a temperature 
of 190°C, after which they were compressed 
to various degrees between polished steel 
plates, Measurements were made on test- 
pieces in the form of strips of thickness 
0.18 mm (4d = 0.12 mn), 0.13 mm (4 a = 
= 0.17 mm) and 0.09 mm (4 d = 0,21 mm). 
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Fig. 1. Relationship between elongation and 
temperature (at wv, = 7°Cc/min), for a deformed 
testpiece, on three successive heatings. 

1 - first heating; 2 - second heating; 

3 - third heating. 


Elongation readings were taken both ata 
constant heating rate (wu, = 5°C/min, Fig. 2) 
and under isothermal conditions at 180°C 
(Fig.3). All the tests were carried out at a 
stress level = 6.2 kg/em?, 

The isothermal creep curves (Fig.3) can be 
regarded as the sum of two curves, One of 
these expresses the relationship between time 
and quasi-stationary creep, and takes the form 
of a straight line through the origin, at an 


* In the creep curves plotted in Fig.1 and subse- 
quent curves for the creep of the alloy at a 
constant heating rate, the elongation associa- 
ted with thermal expansion has been subtracted 
from the experimental curves. 


20-40 60 60 100 120 WO 1607. 


Fig. 2. Relationship between elongation and 
temperature (at w, = 50°C/min), for undeformed 
(stc) testpieces with different initial levels of 
crystal lattice dislocation: 

1 - d = 0.13 mm [should be 0.3 mm - Translator | 
(Ad=0); 2-Ad=0.12 m: 3-Ad= 
0.17 mm; 4 - Ld = 0.21 mn. 
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T=180°C 
L, P spec 
thermal creep (at T = 180°C), for testpieces with 
different initial levels of crystal lattice dis- 
location: 
A = 0; Ad = 0.12 m:; Aas 
0.17 mm; 4 -Z\d = 0.21 mm. 


Fig. 3. The relationship during iso- 
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Fig. 4. The relationship ol during non- 
oO spec 
steady creep for testpieces with different initial 


levels of crystal lattice dislocation. 
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angle to the time axis determined by the 
gradient of the rectilinear section of the 
corresponding curve (see Fig.3). The other is 
a curve reaching a saturation value; this 
expresses the relationship between time and 
“non-steady” creep (Fig.4). The results of 
this series of experiments can be interpreted 
on the basis of the concepts of “exhaustion 
theory”, which covers the laws governing 
dislocation creep [5,6]. 

Bearing in mind that when a deformed test- 
piece is heated, the dislocated regions are 
healed and that this process is accompanied by 
a contribution from these regions to the over- 
all elongation, the described experiments form 
a basis for the following conclusions: 

1. Increase in the degree of deformation of the 
testpiece is accompanied by the formation of 
dislocated regions requiring a lower activation 
energy for healing. Evidence for this is 
provided by the curves in Fig.2, from which it 
follows that, as the degree of deformation to 
which the testpieces were subjected was in- 
creased, the elongation curve on the testpiece 
tested in creep at a constant heating rate 
deviated sooner (i.e. at a lower temperature) 
from the straight line corresponding to thermal 
expansion, 

Under isothermal conditions the dislocated 
regions are healed, but this process does not 
result in the establishment of a truly equili- 
brium state in the crystal lattice, Depending 
on the initial dislocation leve] in the 
lattice, some quasi-equilibrium state is 
attained at a given experinental temperature, 
and in this state a proportion of the dislo- 
cations is stabilized. This stavilized state is 
the lattice is further from equilibrium as the 
degree of initial deformation is increased. 
This is confirmed by the summarized data on 
effective viscosity, found from the data on 
the quasi-stationary creep rate for testpieces 
with different dislocation levels (using the 


fomula 
TABLE 1 


Summarized dataon the effective viscosity of Pb-Sn alloy 


mm 10,—'* poise 
0 29 
0.12 6.3 
0.17 4.8 
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From these results it follows that the 
effective viscosity decreases as the degree 
of initial deformation of the testpiece 
increases, 

As can be deduced from Fig.4, in which are 
plotted the elongation-time curves for the 
“non-steady” creep of the alloy, from experi- 
ments on testpieces with differing degrees of 
initial deformation, the quasi-equilibrium 
state is attained later as the lattice 
dislocation level in the initia] condition is 
increased (see the small] circles on Fig, 4), 
The amount of the total “non-steady” creep 
elongation on the testpiece is furthermore 
proportional to the initial lattice dislo- 
cation level. 

The second series of experiments was carried 
out in order to observe the kinetics of creep 
in testpieces of identical dislocation level, 
when heated at different rates, The heating 
rate was varied in the range 0,35-350°C/min, 
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testpieces deformed identically. during heating at 
constant rates of: 
1 - w = 350°C/min; 
3°C/min; 4 - w = 1°C/min; 


= 30°C/min; 2? -we 


5 - w =0.35°C/min. 


The curves obtained as a result of these 
experiments (Fig.5) demonstrate the following 
features of the kinetics of creep in the alloy 
under different heatin~ rates: 

(1) with increasing heating rate, the alloy 
commences to exhibit creep at higher tempera- 
tures; 

(2) at low heating rates, the heating time - 
elongation curves for the test pieces (at v,= 
const), exhibit an inflexion. 

We shal] discuss the first of these features, 
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The “retardation’’ of testpiece elongation, 
exhibited with increasing heating rate, can 
be naturally related to the fact that the 
dislocated regions are not healed instanta- 
neously but at some rate which is a function 
both of the temperature and of the activation 
energy for the healing process. Dislocated 
regions of a given type, which are practic- 
ally completely healed on reaching a tempera- 
ture 7. during heating at a rate Wy wil] 
survive to a temperature J > 7. during 
heating at a higher rate tay and their heal- 
ing will be accompanied hy a certain elonga- 
tion. 


% 


100 180 


Fig. 6. Curves of the relationship log X = > 
(T), for w = constant. 1 -w = 0.35°C/min; 
= 1°C/min; 3? -w = 3°C/min; 
30°C/min. 
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curves is in qualitative agreement with the 
concepts of the exhaustion theory, 

The second feature referred to above can 
also be interpreted on the basis of exhaus- 
tion theory concepts. 

The phenomena which determine the character 
of the curves in Fig.5 can conveniently be 
discussed by considering the relationship 
between the effective fluidity of the test- 
pieces under examination and the temperature 
(at wu, = const), This relationship was 
determined from the curves plotted in Fig. 5, 
by means of the formula [3], 


AL 

The values of ~~| ——...] were found hy 

the graphical differentiation of these curves, 
The relationship between X and 7 is shown in 


Fig.6, in the form of graphs of log X against 


The existence of a maximum on the log X - T_ 
curves is due to the “exhaustion” of the 
lattice with respect to dislocated regions, 
this “exhaustion” becoming noticeable at 
increasingly higher temperatures as the 
heating rate is increased, 

It should be noted that an analogous rela- 
tionship between heating rate and the kinetic 
coefficient, in particular the coefficient of 
self-diffusion, in a specimen with a distorted 
crystal lattice, has been observed previously 
in experiments on the sintering of active 
metal powders [3,4]. 


CONCLUSIONS 


1. The kinetics of creep in the solid 
solution are largely dependent on the level of 
crystal lattice dislocations in the testpiece. 

2. The creep of a testpiece with a distorted 
lattice, under isothermal test conditions, is 
accompanied by healing of the dislocations. 

In testpieces with a given initial lattice 
dislocation level, the healing process is com- 
pleted later and the quasi-equilibrium state 
set up is further removed from equilibrium, as 
the initial deformation of the testpiece is 
increased, 

3. Experiments to study the creep of test- 
pieces with a distorted crystal lattice, at 
different heating rates, have shown that the 
kinetics of the elimination of dislocations in 
the solid solution are qualitatively similar to 
those observed previously in metal powders 
with dislocations [3,4]. The feature of these 
kinetics is that the effective kinetic coef- 
ficient (in the present case the effective 
coefficient of fluidity) is not a single- 
valued function of temperature, 

The non-monotonic nature of the relation- 
ship between temperature and effective kinetic 
coefficient may be due to the fact that in 
different temperature ranges the creep of the 
alloy is determined by substantially different 
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mechanisms, namely, by the dislocation mecha- 
nism in the low temperature range and hy the 
diffusion mechanism at temperatures at which 
the dislocated regions have largely been 
healed. For this explanation, the authors 
are indebted to Professor B,Ia, Pines. 


Translated by Bishop 
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ON THE QUESTION OF THE BASIC TYPES OF "COMPOSITION- 


CREEP STRENGTH" DIAGRAM 


FOR METAL SYSTEMS* 


I.I. KORNILOV and N.T. DOMOTENKO 


(Received 14 September 1957; 


The establishment of the functional rela- 
tionship between the creep strength of 
metal systems and their chemical composition, 
structure, and type of equilibrium diagram, 
has been the subject of papers hy Bochvar 
[1], Komilov [2,3], Zakharov [4], Osipov [5] 
and others. 

Use of the centrifugal method of investi- 
gating creep strength has made it possible to 
accumulate a large amount of experimental 
data in a comparatively short time, to serve 
as the basis on which to establish three 
principal types of “composition-creep 
strength” diagram [6]. Without considering 


problems relative to the first and third 
types of diagram, we shall dwell in detail 


on the experimental investigations devoted 
to the second type of “composition-creep 
strength” diagram, 

As is well-known, the second type of 
diagram includes systems with limited 
solid solutions extending over considerable 
composition ranges, and with solubility 
varying with temperature. 

Numerous experimental studies carried out 
recently on binary systems [7, 9] and on 
more complicated systems with limited 
solid solutions [10, 11], have confirmed 
the idea that as the concentration of the 
solid solution is increased, the creep 
strength of the alloys increases, reaching 
maxima at the various test temperatures 
corresponding to the boundary between the 
saturation limit and the supersaturation 
range for the solid solution. 

As the structure becomes more hetero- 
geneous and coarse particles of the excess 
phase are formed, the creep strength of 
alloys in the given system falls off, 
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According to the second type of composition- 
creep strength diagram, this kind of relation- 
ship is valid for both the components forming 
the limited solid solutions with each other, 
In the papers referred to above [7-11], the 
creep strength of the alloys as a function of 
the type of equilibrium diagram was studied 
only from the side representing one of the 
components forming limited solid solutions. 

In the present paper, devoted to the case 
of alloys in the Ni-Cr system, the results 
are presented of an experimental investiga- 
tion of the functional relationship of creep 
strength over the entire system. 

The creep strength of the alloys was 
investigated both in the ranges of single- 
phase nickel- and chromium-base solid 
solutions and in the two-phase range of the 
system, 

The alloys for examination were melted in 
a high frequency furnace, in corundum 
crucibles under a layer of basic slag. 

The raw materials used were grade N-0000 
nickel and grade KH1 chromium, Before 
casting the alloys, they were deoxidi zed 
with calcium silicide. 

The testpieces for creep testing by the 
centrifugal method were made by sucking 
the molten alloy into preheated porcelain 
tubes, using the Stepanov method [12]. 

Before testing, the alloys were homo- 
genized for 6 hr at 1150°c in an argon 
atmosphere and then slowly cooled in the 
furnace, 

Table 1 gives the percentage chromium 
contents in the alloys melted, Their 
creep strength was studied at 800 and 
1000°c and stresses 12.3 and 2.7 kg/mm? 
respectively. 

The primary data obtained, i.e. the 
deflexion of the testpieces as a function 
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TABLE 1 
Chromium contents of alloys melted 


Melt No. Melt No. Cr (%) 


Melt No. Cr Melt No. 


35.1 
38.0 
40.3 
42.0 
37.3 


13 50 19 80 
14 55 20 85 
15 60 21 88 
16 65 22 90 
17 70 23 93 
18 75 24 95 


of time under load at the given initial] stress, 
were used to characterize the creep proces- 
ses in the alloys, and to construct the 
composition-creep strength diagram. 

Figs. 1 and 2 show curves of deflexion 
against testing time, plotted for Ni-Cr 
alloys with different chromium contents, for 
the 800 and 1000°C isotherms, 

From an analysis of these curves it 
follows that, at one and the same temperature, 
alloys with different chromium contents 
exhibit different strain rates. This can be 
deduced by comparing the strain rate alloys 
of different compositions. As can be seen 
from the curves (see Figs.1 and 2) the alloys 
which deform at high rates include both those 
with low chromium content (25%) and those 
with high chromium content (50-95%). The 
compositions of these alloys correspond on 


the one hand to dilute solid solution and on 
the other to heterogeneous two-phase alloys. 
The alloys with the low strain rate, i.e. those 
with deflexion-time curves showing the smal- 
lest gradient, correspond to the transition 
from saturated solid solutions to two-phase 
alloys of the Ni-Cr system, approached from 
both the nickel-rich (35-40% Cr) and the 
chromium-rich (90-95%) side. 

The criterion of creep stre@egth used for 
constructing the composition-creep strength 
diagram was the time required to attain a 
deflexion of 5 mm, at the respective tempera- 
tures. These values for the various alloys are 
readily obtainable from the strain curves 
shown in Figs. 1 and 2. The choice of this 
criterion makes it possible to compare the 
creep strength of alloys of different compo- 
sitions at the same stress. 


% Cr: 


' | 

| 


| | 
o= 12.8 kg/mm? 


Deflexion, mm 


Fic, i, 
Temperature 800°C. 


1-55; 2-70; 3-80; 


100 440 160 480 


Variation in deflexion for Ni-Cr alloys as a function of time under stress, 
Stress 12,3 kg/mm, 
4-40; 


Chromium content (%): 


5-88; 6-90; 7-98; 8-93. 


50 CCCs 
1 4.8 7 
2 9.0 8 
3 13.4 9 
4 24.9 10 
5 30.3 11 
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Deflexion, mm 


1000°C 6= 2.7 kg/mm? 
| 


Fig. 2. Variation in deflexion as a function of time under stress. 
Temperature 1000°C. Stress 2.7 ke/mm?. Chromium content (%): 


1-70; 2-80; 3-80; 4-15; 5-285; 


Fig. 3 shows the composition-creep-p 
strength curves corresponding to the two iso- 
therms (800 and 1000°C). In the top section 
of the diagram, the equilibrium diagram for 
the Ni-Cr system is reproduced. 

From an analysis of the data presented in 
Fig. 3, it follows that at these temperatures, 
as the chromium content of the nickel-rich 
solid solution is increased, the creep 
strength of the alloy increases, reaching a 
maximum at a certain chromium concentration. 
At 800°C this maximum on the nickel-rich side 
of the equilibrium diagram falls in the 
region of the saturation limit for the limited 
solid solution of chromium in nickel. As the 
alloys become super-saturated and a definite 
two-phase structure is produced, there is a 
sharp drop in the creep strength. In the 
range of heterogeneous alloys, at all the 
chromium contents indicated, the creep strength 
takes on minimum values; in this range, the 
creep strength varies linearly. 

As the chromium-rich end of the diagram is 
approached, the creep strength of the alloys 
again increases, reaching a maximum in the 
neighbourhood of the saturation boundary for 
the solid solution of nickel in chromium. In 
view of the diffiailty of preparing testpieces 
of alloys containing more than 95% chromiun, 
or of pure chromium, it was not possible to 
test such specimens. The existence of 
saturation boundary ranges for both the 
limited solid solutions (chromium in nickel 


6-95; 7-93; 8-90; 9-45; 10-40. 


by 


800° 6=123 kg/mm2 
f= 5mm 


(Fours to reach 5 mm bend) 


Fig. 3. Equilibrium diagram for the Ni-Cr system 
(top) and composition-creep strength diagrams at 
800 and 1000°C. 


in chromium), and of two-phase alloy composi- 
tions in the system is confirmed ty the 
microstructures shown in Figs. 4a to c. The 
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composition-creep strength diagram at 1000°C 
shows that the creep strength of nickel-base 
solid solutions also increases as a function 
of their chromium content, The range of 
maximum creep strength is close to the 
boundary for the limited solution of chromium 
in nickel, but in contrast to the 800°C iso- 
therm, this maximum occurs within the homo- 
geneous solid solution range. This confirms 
the law previously established, that as the 
testing temperature is raised the maximum 
creep strength range in the system is dis- 
placed [8, 10, 11]. 

When the solid solution boundary is crossed 
and a second phase appears, the creep 
strength falls off sharply. The low values 
of creep strength with increasing chromium 
content, are maintained until] the chromium 
concentration reached is such as to bring 
the binary alloy into the saturation boundary 
range for solid solutions of nickel] in 
chromium, In this range there is a maximum 
in the creep strength of the alloys, 

As the composition goes over to unsaturated 
chromium-base solid solutions the creep 
strength falls, just as with nickel-base 
solid solutions, 

Combined study of the composition-creep 
strength diagrams for 800 and 1000°C shows 
that in a binary system with two limited 
solid solutions, there are two creep strength 
maxima, corresponding to the two saturation 
ranges for the solid solutions. This is a 
generalization of the laws previously estab- 
lished by us for the variation of creep 
strength in meta] systems as a function of 
composition, and it also confirms the 
validity of the second type of composition- 
creep strength diagram over the entire 
binary system. 

The composition-creep strength diagrams at 
800 and 1000°C differ in that the deflexion 
reaches the value of 5 mm at different times 
for alloys in the saturation boundary ranges 
of the two solid solutions, i.e, chromium in 
nickel and nickel in chromium respectively. 
As can be seen from Fig,3, at 800°C and a 
stress of 12.3 kg/mm?, alloys in the satura- 
tion boundary range of nickel in chromiuw, 
i.e. chromium-base solid solutions, are the 


Fig. 4. Microstructure of the alloys; x 176. 


Chromium contents (%): 


a — 38; 


b 65; 


c 93, 
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more creep-resistant, giving a maximum time of 
225 hr to attain a deflexion of 5 mm, whereas 

for nickel-rich solid solutions at the satura- 
tion boundary, the maximum time is only 40 hr. 

At 1000°C and a stress of 2.7 kg/mm, the 
reverse picture is obtained. The maximum time 
to attain the set deflexion corresponds to 
nickel-rich solid solutions at the saturation 
boundary (about 60 hr), whereas with chromium- 
rich solid solutions at the saturation 
boundary, 5 mm of bend is reached in 15-16 hr, 

The relatively high creep strength (high 
resistance to creep by the method of straining 
the testpieces in bending) exhibited by 
chromium-base solid solutions at 800°C, 
compared with nickel-base, can be explained in 
our opinion by the higher strength of the 
chemical bond in chromium solid solutions as 
against nickel-base solid solutions, 

The lower creep strength of chromium-base 
solid solutions at 1000°C, as against nickel- 
base, is explained by the different degrees of 
weakening in solid solutions with the two 
types of crystal] lattice, namely face-centred 
for nickel-base and body-centred for chromium- 


base solid solutions respectively. As is well- 
known, ferritic (alpha) solid solutions have 
lower high temperature strengths than austeni- 
tic solid solutions with a face-centred 


lattice, 
In this respect the effect of crystal lattice 


type is highly typical, since the melting 
points corresponding to alloys of these compo- 
sitions are almost identical. 


CONCLUSIONS 


1. For the first time the law governing the 
variation of creep strength has been found 
for the entire Ni-Cr system, the components 
of which form mutually limited solid solu- 
tions. 

2. The composition-creep strength diagrams 
for two temperatures (800 and 1000°C) are 


confirmed as being of the second type of 
diagram, for systems with mutually limited 
solid solutions. This indicates the general 
character of this type of composition-creep 
strength diagram, 

3. The maximum values of creep strength in 
the saturation boundary regions for nickel- 
rich and for chromium-rich solid solutions 
respectively vary as a function of the test- 
ing temperature. 

4, The difference between the maximum 
values of creep strength for nickel-rich and 
chromium-rich solid solutions at temperatures 
of 800 and 1000°C respectively is explained 
hy the different degrees of thermal weakening 
in the two types of solid solution, which 
have two different types of crystal lattice, 


Translated by Bishop 
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ON THE EVAPORATION AND PORE-FORMATION RATES IN THE 
DISTILLATION OF A VOLATILE COMPONENT FROM ALLOY 
SINGLE-CRYSTAL AND POLYCRYSTALLINE SPECIMENS. iy 
F.A. SANTALOV 
Donets “Order of the Red Banner” Industrial Institute 
(Received 30 October 1957) 


The evaporation of a volatile component from solid alloys is a complex process, 
the simple constituents of which are: 
(1) evaporation of the volatile component from a surface layer, leading to the 
setting up of a concentration gradient and to a sharp rise in the number of 
“vacancies” in the surface layer; 
(2) diffusion of the volatilizing component to the evaporation surface, which 
is only to be identified with the geometrical surface of the specimen at the 
first instant, and gradually varies in size, shape and relative position as the 7 
process continues; 19: 
(3) migration of atoms of the non-volatile component in the opposite direction, ’ 
to occupy sites “vacated” by the escape of atoms of the volatile component, 
leading to shrinkage (reduction in volume) of the specimen under treatment; 
(4) coaguletion of “vacancies” and formation of pores, which in thick specimens 
sometimes grow, as a result of appropriate atom migrations, to resemble 
crystallites with well-developed dendrites [2,3,4]; the combination of dendritic 
cavities thus constitutes the total porosity of the specimen after the volatile 
component has evaporated; 
(5) recrystallization. 
Taking into account only the first and second constituents of the process, and 
assuming that the diffusion rate is the slowest stage, Rygakov and Neskuchaev [1] 
proposed the “vacuum evaporation method” for the study of diffusion phenomena in 
solid solutions, and it has been used without substantial basic modification 
until the present day. 
The evaporation rate of a volatile component from solid solutions, particularly 
when the latter is present in considerable concentration, is affected substantially 
and differently (depending on the nature of the substances) by the third and fourth 
factors. Consequently the “diffusion coefficient’ found by the vacuum evaporation 
method is an arbitrary thermodynamic characteristic of the evaporation process in 
respect of a volatile component in solid solutions. 
There is a quite extensive literature devoted to the effect of grain size on 
diffusion rate [5], and there are experimental papers on the study of the effect of 
the solid solution structure on the evaporation rate for a volatile component [6]. 
Different authors who have studied the effect of grain size on diffusion rate 
using different materials, have come to contradictory conclusions. Even for the 
same solid solutions, the conclusions of different authors do not always agree. 
The effect of the alloy structure on the evaporation of zinc and cadmium from 
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their respective solid solutions in silver has not been studied. At the same 
time, study of the evaporation rate for the volatile component from the solid 
solutions, and of the associated phenomena, offers possibilities for elucidating 
certain problems of substitution in the crystal lattice of solids, which are 
important in the study of the solid state. 


EXPERIMENTAL 


The silver was purified as follows, Silver 
alloys, in the form of turnings and filings, 
were dissolved in concentrated nitric acid, 
The solution was diluted and filtered and the 
silver precipitated as the chloride, The 
latter was washed hy decantation until copper 
ions were completely absent. Using metallic 
zinc, the silver chloride was reduced to 
metallic silver in a dilute sulphuric acid 
medium, After complete reduction (when a 
sample of the solids would dissolve in concen- 
trated nitric acid to give a clear solution), 
the filtrate was decanted off, lumps of 
unreacted zinc were removed and the precipi- 
tate transferred to a large porcelain dish, 
in which it was boiled for a considerable 
period in 2 N hydrochloric acid. The washed 
silver powder was dried and fused under a Fig. 1. 
layer of lamp black, The silver thus prepared 
was electrolytically refined three times, 

The cadmium was electrodeposited from 
chemically pure cadmium sulphate and then 
vacuum distilled. 

Chemically pure zinc was vacuum distilled, 
followed by a single zone refining melt, 

The alloys were melted in a quartz tube, 
under a layer of lamp black, heated in a small melting point), this results in considerable 
electric resistance furnace, The zinc (or losses of the volatile component and hetero- 
cadmium) was first melted, and the silver geneity of the ingot (variation of volatile 
then added in portions. The molten alloy was component concentration along the length), 
stirred with a quartz stirring rod, After some unsuccessful attempts, the follow- 

A blank was made from the alloy, in the ing technique was adopted (Fig.1). The blank 
shape of the capsule. The blank fitted freely 2 was placed in a growing capsule 1, and 
into the corresponding capsule, leaving a covered with a graphite stopper 3, The gap 
small gap. between the stopper and the capsule walls was 

Well-known difficulties arise in growing sealed with a mixture of refractory clay and 
single crystals of copper-zince, silver-zinc asbestos 4, and over the graphite was placed 
and silver-cadmium alloys, associated with the a layer of lamp black 5. Next a small 
fact that the saturation vapour pressures of cylinder 6 was inserted, consisting of an 
the components at a given temperature are alloy of the same metals but richer in the 
different. If the alloy is held for long volatile component, This was in turn covered 
periods at a high temperature (50°C above the by a second graphite stopper 7, a layer of 


bottom 
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lamp black 8, a porcelain stopper 9 and 
refractory clay 10. The sample was lowered 
by means of clockwork, at a speed of about 
15 mm/hr. This technique eliminated loss of 
the volatile component from the blank and 
produced a uniform distribution of the 
volatile component in the single crystal. 

As an example, the following data were 
obtained on one of the samples of silver-zinc 
alloy. With an initial blank weight of 
19.5 g, the loss was 0.008 g, i.e. less than 
0.2 per cent of the initial amount of zinc, 

The uniformity of distribution of the 
volatile component in the single crystals was 
checked hy the following method, Turmings 
were taken separately from the grooves a, }, 
c, d, e and f (Fig.2), and their silver 
contents were determined, They varied between 
79.38 and 79.63 per cent, 

The cylindrical single crystal] of alloy was 
turned on a smal] lathe and, using a parting 
tool, deep grooves were made to divide it 
into disk specimens about 5 mm thick. Before 


parting the specimens from each other, the 
cylindrical surface was again turned down a 


little further and then, using emery papers 
of increasing fineness, a layer of thickness 
about 0.3 mm was gradually ground from the 
surface, The last 0.1 mm was ground off with 
4/0 emery paper. The samples were parted 
from each other by means of a fretsaw. The 
The flat faces were smoothed down with a 
needle file and 4/0 emery paper. 

After briefly heating the specimens to 
650°C and recrystallizing the worked surface 
layer, the specimens were all found to be 
covered with a polycrystalline “pelt’’, thin 
on the cylindrical face and thicker on the 
ends, To remove the polycrystalline layer 
from the end faces, the specimens were care- 
fully ground by hand, using 4/0 emery paper, 
etched and examined under the microscope. 
Grinding of the end faces was discontinued 
after the polycrystalline layer had been 
completely removed. Experience showed that 
in these experiments the tool worked the 
alloy to a depth of about 0. 2-0, 25 mm, 

If subsequent microscopic examination of 
the structure of the single-crystal specimens 
in section revealed defects in the form of 


odd granules, such specimens were rejected, 


STUDY OF THE EVAPORATION RATE 


To study the rate of evolution of vapour, 
specimens (single-crystal and polycrystalline) 
of the same composition were placed simul- 
taneously in a quartz tube, in which a vacuum 
of 10~* mm Hg was maintained, 

The specimens were heated in a large tubular 
transformer furnace, To even out the tempera- 
ture, a large block (50 mm diameter and 135 mm 
thick) of stainless steel, with recesses for 
the quartz tube and thermocouple, was placed 
in the furnace. The evaporation was carried 
out at a constant temperature of 655 + 1°C for 
the first 5 min of the experiment and at 655 + 
+ 0.5°C for the remaining 25 min.* The quartz 
tube and specimens were inserted in the fur- 
nace after it had been heated to the required 
temperature. 

By separate experiments (using a thermocouple 
with its junction inside the specimen) it was 
established that 5 min after inserting the 
specimen tube in the furnace its temperature 
was still 25°C below that of the furnace, The 
time readings were therefore commenced 5.5 min 
after inserting the tube in the heated furnace. 

Table 1 gives the characteristics of the 
original specimens, and their mean evaporation 
rates, 

The results obtained show that under identi- 
cal conditions the evaporation rate for the 
volatile component from specimens differing 
only in respect of structure is practically 
identical, Moreover, under identical condi- 
tions, the evaporation rate for zinc from 
single-crystal specimens is only 10-12 per 
cent higher than from polycrystalline 
specimens, 

There are even fewer grounds for expecting 
that the evaporation rates for the volatile 
component from two polycrystalline specimens, 
differing from each other only in respect of 
grain size, should prove to be different. 
Evaporation of the volatile component is 


* The control weighings in the majority of the ex- 
periments were carried out at a 30 min interval. 
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TABLE 1 
Characteristics of original specimens and mean evaporation rates 


Specimen As mg 
Mean evaporation rat —_—_ 
weight t em2 hr 


Diameter before time interval (min) 

(mm) evapora- 
tion 30-60 | 60-90 | 90-120 |120 - 150/150 - 180 
(8) 


in the 


Specimen 


9. 43 4.55 3.1824 14. 86 
9.37 3.90 2.6761 14.14 
7.06 3.61 1.3460 15.21 


rectan- 


gular 
8.19x7.93 1. 43 0. 8673 13.41 
Teal 3.59 1.3729 15. 25 


rectan- 
gular 
8.37x9. 26 1.45 1. 0557 12.81 


* g -— single crystal Pp — polycrystalline specimens 


inseparable from rapid recrystallization, due one of the directions, k. In a direction m per- 
not only to the prolonged high temperature pendicular to the first, the dendrites are shor- 
anneal to which the specimen is subjected, ter, intermittent and branched at right angles, 


but also to the fact that in the layer consti- 
tuting the main source of vapour, the vacancy 
concentration is always far in excess of the 
equilibrium value, whilst the diffusion of 
the excess vacancies, both through the 
surface and hy way of coagulation, is associa- 
ted with corresponding migrations of the alloy 
atoms. Thus whatever the prior history of 
specimens differing only as to grain size, the 
structural differences between them wil] 
gradually be smoothed out. 

Fig. 3 shows the microstructure in a 
section perpendicular to the axis of a cylin- 
drical single-crystal silver-zine alloy speci- 
men, after evaporating the zinc.* In the edge 
zone of the specimen, well developed dendritic 
cavities can be seen, The anisotropic dendrite 
development is clearly revealed. The dendrites 
have a linear structure and maximum length in 


> 


* The duration of the vacuum treatment was 3 hr at 
665°C and 1 hr at 700°C; before examining the 


microstructure, the pores were filled with 
phenanthrene. k, | and m show the microstructure fig. 3. Microstructures of sections of single- 


in the corresponding areas of the section. crystal silver-zinc specimens. 
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Fig. 4. 


In the transition zone, 1, some of the 
dendrites intersect others at right angles, 
and the edge zone penetrated hy the den- 
dritic cavities has a minimum thickness. 

The alloy studied was the alpha solid 
solution of zinc in silver, with a face- 
centred cubic lattice. Let a cylindrical 
specimen be cut from a single crystal such 
that its axis coincides with a fourth-order 
axis of the cube. Then the plane of a 
section perpendicular to the axis of the 
cylindrical specimen is a cleavage plane (the 
plane of the figure), whilst two mutually 
perpendicular diameters on Fig.4 are pro- 
jections of two more cleavage planes which 
pass through the cylinder axis. 

Let the dendritic cavities be circular 
unbranched channels parallel to the cleavage 
planes, Starting at various points on the 
surface they will penetrate, during the 
course of the evaporation, parallel] to the 
appropriate planes and into the specimen. 
Since for all the channels parallel] to the 
xx plane (and likewise for the yy plane) the 
growth conditions are identical, their 
lengths also are identical. 

A plane perpendicular to the cylinder axis 
would cut both the channels parallel to the 
xx plane and those parallel to the yy plane, 
along their respective axes, The microstruc- 
tures in the regions of sections k and m 
(Fig. 4) would be similar to that in Fig. 3 

k). 

. did not determine the actual positions 
of the single crystal axes and the axis of 


our cylindrical specimen was naturally at a 
certain (probably acute) angle to the fourth- 
order crystal axis, whilst the plane of a 
section perpendicular to the cylindrical 
specimen axis intersected the corresponding 
cleavage plane at the same angle. If the 
line of inter-section of these two planes is 
parallel] to the yy plane, then the plane of 
the section perpendicular to the specimen 
axis will intersect the channels parallel to 
the yy plane along their axes, whereas those 
channels which are paralle] to the xx plane 
will be cut at an angle to their axes, In 
this case the microstructure in region k will 
be exactly as shown in Fig.3 (k), that in 
region m will be similar to Fig.3 (m) and 
that in region / to Fig.3 (l). 

In examining the microstructures of poly- 
crystalline specimens of silver-cadmium alloy 
occasional, slightly developed dendritic VOL 
cavities could be seen in the edge zones of 
the section. 195 

The analogous elements zinc and cadmium 
have fairly closely similar atomic radii and 
crystallize in the same hexagonal system, 
forming similar alloying diagrams with 
silver; in both cases, the silver-rich end 
of the diagram consists of alpha solid 
solution over a wide range of concentrations. 
However, the behaviours of the alpha solid 
solutions in silver of zine and cadmium 
respectively, at the same atomic comcentra- 
tions, are completely different. After 
distilling zinc from a sheet of silver-zinc 
alloy, a foil showing through channels is 
obtained, whilst in thick specimens dendritic 
cavity formation is observed. After distil- 
ling cadmium from sheets of silver-cadmium 
alloys there are no through channels, and no 
dendritic cavities can be found when thick 
specimens are examined under the microscope. 

Pore formation during the distillation of 
a volatile component from solid solutions 
has much in common with pore formation 
during interdiffusion. The latter is ex- 
plained by the difference in the partial 
values of the diffusion coefficients. 


Cavities and pores are formed in the compo- 
nent with the higher partial diffusion 
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coefficient D, and inert markers introduced 
at the interface are displaced in the same 
direction 7,8. 

It might be thought that the ratio of 
the partial coefficients D for the compo- 
nents of silver-zinc alloy is more favourable 
to pore formation than the ratio of the 
partial coefficients D for the components 
of silver-cadmium alloy, Indeed, the shrin- 
kage values observed when cadmium is distil- 
led from silver-cadmium alloy seem to confirm 
this, 

However, the density of the specimens after 
the cadmium has been completely distilled off 
is less than the density of silver. Thus, 
when cadmium evaporates from a silver-cadmium 
alloy, the number of vacancies in the layer 
of alloy participating in the process rapidly 
becomes greater than the equilibrium value. 
As a result of the appropriate migration of 
silver atoms, some of the vacancies are 
eliminated at the surface. Only a proportion 
of the excess vacancies are eliminated in 
this way however, The remaining excess 
vacancies, in silver-zinc and copper-zinc 
alloys, coalesce to form microscopic cavities. 

When cadmium evaporates from silver- 
cadmium alloys, the vacancies probably 
coalesce, but here conditions are such that 
only closed pores are formed, 

Whether single-crystal specimens of silver- 
cadmium alloy, after complete distillation of 
the cadmium, are to be regarded as crystals 
with an increased number of vacancies or as a 
peculiar solid foam with closed pores which 
are not detectable under normal microscopic 
examination, are problems for further study, 


CONCLUSIONS 


1. The evaporation rate for a volatile 
component, from polycrystalline specimens and 
single crystals of alpha solid solutions, the 


has been studied in vacuo at 665°C. Under 
identical conditions, the evaporation rates 
for the volatile component from single crys- 
tals and from polycrystalline specimens of 
the same composition are practically identi- 
cal, The evaporation rate for zinc from 
single crystals of silver-zinc alloy are 
10-12 per cent higher than from polycrystal- 
line specimens of same composition, 

2. When zinc is distilled from single 
crystals of silver-zinc alloy, there is a 
well-developed anisotropic formation of 
dendritic cavities. In this case the den- 
dritic cavities are straight channels lying 
in the cleavage planes, After partial dis- 
tillation of cadmium from single crystals of 
silver-cadmium alloy, occasional, slightly 
developed dendritic cavities can be detec- 
ted. Apparently, the conditions for vacancy 
coalescence in this case are such as to 
produce isolated pores. 


Translated by E, Bishop 
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THE EFFECT OF PLASTIC DEFORMATION 


IN THE 


AUSTENITIC STATE ON THE KINETICS OF TEMPER 
EMBRITTLEMENT IN STEEL 30KHGSA* 


Plastic deformation in the austenitic state, 
when the worked austenite is prevented from 
recrystallizing, leads to a substantial reduc- 
tion in the development of temper brittleness 


in constructional alloy steels [1-3]. It has 
been suggested that one of the causes for the 
observed suppression of embrittlement is a 
possible modification in the precipitation 
kinetics of the phases causing embrittlement 
[1]. 

In order to examine this suggestion, a 
study has been made of the effect of pro- 
longed holding during tempering on the em- 
brittlement of steel] 30KHGSA, The steel was 
treated under norma] quenching and tempering 
conditions and also by treatments in which 
quenching was preceded by plastic deforma- 
tion in the austenitic state under conditions 
which prevented recrystallization from 
occurring in the worked austenite, 

As was shown by preliminary investigations, 
the development of temper brittleness in the 
steel] taken for examination is accompanied by 
a drop in the impact value to 5m ke/an?, as 
a result of slow cooling after high tempera- 
ture tempering (650°C for 1 hr), as against 
12 m kg/cm”, the impact value obtained with 
rapid cooling after the same tempering 
treatment. The quenching temperature for 
the specimens in these experiments was 1250°C, 
The increase in heating temperature prior to 
quenching was necessary for the fuil develop- 
ment of temper brittleness, and also for 
ease in observing the fracture grain size, 
For this steel, the use of plastic 


E.N. SOKOLKOV 
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deformation in the austenitic state, combined 
with quenching the steel] with the worked 
austenite un-recrystallized, led to a consider- 
able increase in impact value, after tempering 
under conditions favouring embrittlement. The 
impact value rose from 5 m kg/an2, for normal 
quenching, to 13 m kg/cm?, In both cases, 
tempering was carried out at 650°C for 1 hr, 
followed by slow cooling (30-40°C/hr). The 
plastic deformation was carried out by rolling 
in a laboratory hand mill, with a 35 per cent 
reduction, The rolling was carried out at 
900°C (after cooling down from 1250°C). An 
increase from 4 to 9 m kg/cm? as a result of 
using this treatment was also observed after 
tempering for 2 hr at 550°C. The stability of 
the observed effect of raising the impact 
value was studied further under conditions of 
prolonged holding at 550°C, 

As already stated, the object of the 
present investigation was to check the 
suggestion that one of the causes of the sup- 
pression of embrittlement may be a possible 
modification in the precipitation kinetics of 
the phases responsible for the development of 
brittleness. For this purpose, a large batch 
of specimens was subjected to treatment 
Similar to that already referred to, namely 
heating to 1250°C, cooling to 900°C, rolling 
and quenching immediately after leaving the 
roll gap. The time interval between the 
specimen leaving the gap and the instant of 
quenching was 0,1-0.2 sec. In all the 
experiments, the rolling was carried out 
with a 35 per cent reduction, at a speed of 
1.5 m/min, The quenching medium was oil, 
Control specimens, which had not been 
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plastically deformed, were also oil -quenched 
after heating to 1250°C and cooling to 900°C, 
It was necessary to reduce the rolling tem- 
perature to 900°C, in order to facilitate sup- 
pressing recrystallization in the worked aus- 
tenite. Specimens quenched normally and 


specimens plastically deformed prior to quench- 


ing were tempered at 550°C for 5, 20, 30 min, 
1, 2, 4, 8, 16, 32, 64, 128, 256 and 512 hr, 
followed by water-quenching. 


Fa | 


Hardness R 


Impact value, a 


310 20 3040 ~ 200 
ime, hours 


Fig. 1. Variation of impact value and hardness of 
steel 30KHGSA testpieces with tempering time at 
550°C; 1 - after normal quenching; 2 - after 
plastic deformation and quenching. 


Fig. 1 shows the impact test results. The 
tests were made on notched testpieces, 
10 x 10 x 60 mm in size. The notch was pre- 
pared with an emery wheel. The notch width 
was 2 mm, its depth 2 mm, and its root radius 
1 mm, The testpieces which had been plasti- 
cally deformed, and the contro] testpieces, 
were of one and the same size. 


In Fig.1 it can be seen that, for testpieces 


after normal quenching, increased tempering 
time at 550°C produces a gradual drop in 
impact value, from 8 m kg/cm? for a holding 
time of 5 min to 4-5 m kg/cm? after 512 hr. 
For testpieces which had been plastically 
deformed, on the other hand, a substantial 
rise in impact value occurs, namely from 8 
to 15-16 m kg/cm? for the same tempering 
times. With increased tempering time the 
hardness falls reaching 18 R, for the 
control testpieces and 22 fi, for those 


plastically deformed before quenching, The 
somewhat higher hardness level] in the case of 
the plastically deformed testpieces observed 
throughtout the tempering range is apparently 
to be explained in that work-hardening, pro- 
duced when the steel is deformed in the 
austenitic state (at 900°C) under conditions 
of rapid quenching which prevent recrystalli- 
zation, is to some extent retained and trans- 
mitted to the material even after the gamma- 
alpha transformation which takes place on 
quenghing. 

Examination of the fracture appearance 
indicates that in the case of normal quench- 
ing, throughout the range of tempering times 
at 550°C, brittle fracture occurs along the 
boundaries of the austenite grains existing 
in the heated steel prior to quenching. 

The appearance of the fracture face on test- 
pieces plastically deformed prior to quench- 
ing, on the other hand, is characterized by 
the retention of fibrous fracture for all 
tempering times, without visible traces of 
brittle failure along the austenite grain 
boundaries. All this signifies that the 
effect of increased impact value produced by 
combining plastic deformation with quenching 
under conditions preventing recrystalliza- 
tion of the worked austenite, is a stable 
effect, and one which apparently cannot be 
regarded as due to a modification of the 
embrittlement kinetics, 


6510 “30 6080100 200 300 Sm 
Tempering time, hours 


Impact value a,, m. kg/em? 
S 


@ 


Fig. 2. Variation of impact value and hardness of 
steel 30KHGSA testpieces with tempering time at 
550°C: 1 - after normal quenching and tempering at 
650°C, with slow cooling; 2 - after plastic defor- 
mation and quenching, followed by tempering at 650°C, 
with slow cooling. 
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The increase in impact value with increasing 
tempering time, observed in these results on 
testpieces which had been plastically deformed 
is clearly a direct result of the softening of 
the material taking place with extended temper- 
ing (Fig.1). This softening, however, cannot 
produce increased ductility in testpieces 
after normal quenching, owing to the fact that 
in this case failure takes place along the 
austenite grain boundaries and is due to the 
embrittling effect of the phases or compounds 
responsible for the embrittlement. 

The conclusion that the effect of plastic 
deformation on impact value is stable is 
confirmed by an experiment, by means of 
which it is possible to follow the effect of 
prolonged tempering at 550°C on testpieces 
already in the brittle condition as a result 
of slow cooling after high temperature 
tempering (650°C, 1 hr). This showed that, 
even under such conditions, tempering for 
512 hr at 550°C causes no drop in impact value 
for testpieces which had been plastically 
deformed prior to quenching; the impact value 
‘for all tempering times remained at the level 
of 13-15 m kg/cm*, With normally quenched 
testpieces, on the other hand, further em- 
brittlenent occurs, accompanied hy a drop in 
impact value from 8-9 to 5 m kg/an* (Fig.2). 

These results, although they seemed to be 
quite conclusive, demanded the carrying out 
of series testing [i.e. impact testing at a 
series of temperatures - Translator], since 
the brittle transition temperature is the 
only adequately unequivocal criterion of the 
degree of temper embrittlement. 

This study was carried out on groups of 
testpieces, tempered for 2 and 512 hr at 
550°C directly after quenching and also 
after prior high temperature tempering 
followed by slow cooling. TesStpieces were 
tested after quenching preceded by plastic 
deformation, and also, as controls, nor- 
mally quenched testpieces. The 2 and 512 hr 
tempering treatments following these treat- 
ments were carried out at the same time as 
those on the batches of testpieces, the 
test results on which are presented in 
Figs, land 2. Series tests, to determine 
the brittle transition temperature, were 


made in the range from +240 to -193°C, on 
notched testpieces 10 x 10 x 60 mm in Size, 
Testpieces were cooled to - 100°C in a petrol 
thermostat and to -193°C in liquid nitrogen; 
they were heated to temperatures higher than 
ambient in a muffle furnace, 
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Fig. 3. Variation of impact value of steel 30KHGSA 
testpieces with testing temperature: 

1 - after normal quenching; 2 - after plastic 
deformation and quenching. Tempered 2 hr at 550°C. 
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Fig. 4. Variation of impact value of steel 30KHGSA 
testpieces with testing temperature: 

1 - after normal quenching; 2 - after plastic 
deformation and quenching. Tempered 512 hr at 550°C. 


The test results are shown in Figs, 3 and 4, 
Consideration of the brittle transition curves, 
obtained, together with examination of the 
fracture appearance, shows that, for the case 
of normal quenching and 2 hr tempering at 550°C, 
the brittle transition commences at a test 
temperature of +130°C, whilst after 512 hr 
temper it is even higher (Figs, 3 and 4). 
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Brittle fracture along the austenite grain 
boundaries develops gradually, reaching 100 
per cent of the fracture face at a test 
temperature of +40°C for the 2 hr temper and 
+60°C for the 512 hr temper. The testpieces 
which had been plastically deformed prior to 
quenching, however, showed a marked lowering 
of the brittle transition temperature. From 
the transition curves (Fig.3 and 4) and par- 
ticularly from the appearance of the fractures, 
it could be deduced that, irrespective of the 
tempering time (2 or 512 hr), the first signs 
of brittle failure occur at a test temperature 
of +20°C, i.e. some 150°C lower than after 
normal quenching and the same tempering. 
Similar results were obtained for the treat- 
ment involving high temperature tempering and 
slow cooling followed by tempering at 550°C. 
These results of series testing confirm the 
conclusion that the effect of reducing em- 
brittlement as a result of plastic deformation 
in conjunction with quenching under conditions 
preventing recrystallization of the worked 
austenite is a stable effect. 

Hence it can be concluded that the observed 


weakening of temper embrittlement is not due 
to amodification inthe precipitation kinetics 


of the phases or compounds responsible for 
the development of this type of brittleness. 
The data obtained confirm the suggestion put 
forward earlier, that the plastic deformation 
of steel in the austenitic state produces 
changes in the crystal lattice in the inter- 
granular transition zones and adjacent areas, 
which are capable of modifying the precipita- 
tion conditions and habit of the phases or 
compounds producing embrittlement [4]. 

This paper is based on experimental] results 
obtained by L. Danilova, a student at the 
Urals “S.M. Kirov” Polytechnic Institute, in 
the course of her Diploma research, 


Translated by E, Bishop 
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THE THERMAL EXPANSION OF STAINLESS STEELS* 
B.E. NEIMARK 
Dzerzhinsky All-Union Thermotechnical Scientific Research Institute 
(Received { June 1957) 


An investigation was conducted of the thermal expansion of stainless steels 
E1257, EI713, EI714, FI718, FI747, EI748, EI749 and EI257T in the ranges of 


temperature 20-900°. 
conditions. 


The last four steels were studied in various structural 
An empirical equation was propounded of the temperature relation 


of the coefficients of linear expansion of chrome-nickel steels of the austen- 


ite class, and of chromium steels - of the martensitic class. 


These formulae 


permit the calculation of the average coefficient of linear expansion with an 
accuracy up to five per cent, for any steel, belonging to one of the indicated 


classes. 


It is know that the coefficients of linear 
expansion of steels of different types have 
essentially different values. Thus, for 
example, for stainless chromic steels the 
coefficient of linear expansion is approxi- 


mately 1.5 times less than for chrome nickels. 
At the same time data have been published 
about the thermal expansion of different 
steels which allows one to conclude that the 
coefficient of linear expansion of steels of 
a single type changes little in relation to 


the composition of the steel. As a result 
of inference from a range of literature 


and of his own experimental data, the author 
has succeeded in establishing empirical 
formulae for the change of the coefficient of 
linear expansion in relation to the tempera- 
tures for certain types of steel [1]. 

In the present work experimental data was 
adduced for the determination of the coef- 
ficient of linear exnansion a of new types of 
stainless chrome and chrome-nickel steels, 
confirming the conclusions made earlier. 

For the investigation we used a dilatometer 
which was constructed fy us [2]. The elonga- 
tion of the testpiece of length 200 mm was 


TABLE 1 
The chemical analysis of steels 


Composition of elements (%) 


Steel 


Cr Ni 


W 


V 


12.3 
13.8 
16. 45 
16. 45 
13.1 
0.65 
0.65 
0.65 


15.3 
13.9 
14.95 
15.58 
18.0 
12.0 
12.0 
12.0 


E1257 
EI257T 
EI713 
EI714 
EI718 
EI747 
FI748 
EI749 


* Fiz. metal. metalloved., 17, No.3, 389-394, 1959. 
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The thermal expansion of stainless steels 


TABLE 2 


The average coefficients of linear expansion @. 10°(1/°C) in the range 20- 
900°C. and the critical points of the steels analysed 


Austenitic steels 


Chromec stainless steels 


EI257T 


er713 | EI714 | E1718 


EI747 EI748 EI749 


Quench - 
ing + /Quench- 

Stabili-| ing 

zation 


Hardened 


Quench- Quench - Quench - 
ing + |Quench-| ing + /Quench-| ing + | Quench- 
+ Tem-| ing |+ Tem- + Tem- 
pering pering pering 


16.0 
16.2 


. 32 72 
07 . 00 
69 40 
.10 84 
33 
50 
.63 
; 94 


measured with a highly sensitive induction 
gauge with an accuracy up to one micron. The 
possible error in calculation by this method 
does not exceed 1-1.5 per cent. The tempera- 
tures for the critical points of chromec 
steels were calculated according to the 
variations of the course of the curves of 
thermal expansion with an accuracy of up to 
+ 2 per cent. In Table 1 is quoted the 
chemical composition, and in Table 2 the 
average coefficients of linear expansion and 


the critical points of the steels investigated. 


THE THERMAL EXPANSION OF 
CHROME-NICKEL STEELS 


In Fig.1 is represented a graph of the 
change in length of the testpiece Al in 
relation to the temperature, characterizing 
the thermal expansion of steels EI713, 
EI714, and EI718 in a quenched condition. 
All the points lie on the line drawn with 
very little dispersion, In this way, in 
spite of the great difference in composition 
on these steels (see Table 1), their coef- 
ficients of linear expansion are almost 
identical, 
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50 | 15.2 | 17.1 | 17.2 | 15.4 | 15.9 8 a - 
100 | 15.6 1 9 9.79 
150 | 16.2 - - - - - 10 10. 39 
200 | 16.8 | 16.9 | 17.2 | 17.1 | 16.8 | 16.9 | 10 10.55 
250 | 17.3 - - - ~ ~ 11 11.14 
0.6 1 1 17.6 1 17.8 | 17.6 1 11 10.74 
350 | 18.2 - - - - - 11 10. 92 
VOL. 400 | 18.5 | 17.8 | 18.0 | 17.9 | 17.6 | 17.8 | 11 10. 92 
7 450 | 18.8 - - - - - 11 11. 40 
1959 500 | 18.9 | 18.0 | 18.3 | 18.2 | 17.8 | 17.9 | 11 11. 38 
550 - - - - ~ - 11.95 | 11.71 | 12.14] 11.11 | 12.15] 11.80 
600 | 18.9 | 18.4 | 18.6 | 18.5 | 17.9 | 18.4 | 12.18 | 12.21] 12.30] 11.53] 12.25] 11.75 
650 - - - - - - 12.41 | 12.15] 12.44] 11.56] 12.35] 12.03 
700 | 19.3 | 18.7 | 18.9 | 18.8 | 18.1 | 18.8 | 12.83] 12.17] 12.55 | 11.63] 12.41] 11.93 
750 ~ - - - - - 12.80 | 12.39] 12.61 | 11.84] 12.71 | 12.27 
800 - 18.9 | 19.3 | 19.1 | 18.2 | 19.0 | 12.87] 12.75] 12.94] 12.09] 12.93] 12.55 
850 - - - - - - - ~ ~ - 13.09 | 13.38 
900 - 19.1 - 19.2 - 19.2 - - - - - - 
Ac 877 880 865 865 892 891 
752 - 745 790 - 
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TABLE 3 


The average coefficients of linear expansion of chrome-nickel 
austenitic steels in the ranges of 20-t°C 


& x 10° (1/°C) at temperatures of testing °C 
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Fig. 1. 


On the basis of a generalization of the 
data of many investigations, the author 
propounded an empirical formula for the 
temperature relation of the average coef- 
ficient of linear expansion @ for chrome- 
nickel austenitic steels, containing chromium 
(15-22 per cent), nickel (8-15 per cent), and 
other alloying elements up to 3 per cent, 

This formula satisfies all the experimental 


values of the coefficient of linear expansion 
of the indicated steels with an accuracy up 
to + 5 per cent in the temperature range of 
100-900°. 


ax 10°= 14x6+4+ 1, 59x — 


0,23x —0,013x107% 1c, 


In Table 3 is given a comparison of the 
coefficient of linear expansion once more of 
the analysed steels in a quenched condition 
with calculations according to formula (1). 
Only near 100° certain coefficients differ 
from those generalized by more than 5 per 
cent (6-7 per cent), in the range of 200- 
900° the variation does not exceed 5 per 
cent; on an average the variation equals 
2-3 per cent. In this way, the present in- 
vestigation confirmed that the above adduced 
formula is suitable for the calculation of 
the average coefficients of linear expansion 
of austenitic chrome-nicke] steels in a 
quenched condition with an accuracy up to + 5 
per cent, 


In Table 4 is represented the coefficients 
of linear expansion of steel] EI257, analysed 
in various structural conditions. The values 
for the coefficient of stee] EI257 in the 
quenched condition and after stabilization at 
800° in the course of 10 hr were determined 
and published earlier [2]. In the present 
work the calculation @ of this same steel was 
carried out after 20,000 hr of working in the 
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TABLE 4 
The average coefficients of linear expansion of stee] EI257 


Condition of Metal 


a@x10° (1/°c) in temperature ranges of (°C) 


20-200 


20-300 


20-400 


20-500 


20-600 


20-700 


Quenching 

Stabilization 

After 2000 hr of 
working 


17.8 
17.3 


15.8 


18.3 
17.8 


17.8 


18.8 
18.1 


18.5 


19.0 
18.4 


18.9 


19.2 
18.8 


18.9 


19.4 
19.1 


19.3 


power installation for extra high para- 
meters (see Table 2). A comparison of 
these dimensions shows, that the coef- 
ficient of expansion is somewhat diminished 
during protracted work of steel] E1257 at high 
temperatures. 

a of steel EI257T is changed in this same 
direction, 


The coefficient of linear expansion of steel 


EI257T after stabilization in the course of 
10 hr at 850° is less than @ of steel] EI257T 
after quenching (see Table 2). 

Powever, it is necessary to note, that the 
coefficient of expansion of steels EI257 and 
EI257T changes little from heat treatment. 
The maximum difference of these steels in 
different structural conditions takes place 
at 100° and equals nine per cent. 

Metallographic analysis showed that in 
steel EI257 after lengthy working at high 
temperatures (700-800°) carbides and ferrite 
are precipitated from the solid solution [3]. 
As is known, the coefficient of expansion of 
austenite is approximately 1.5 times more 
than that of ferrite. By this one can 
explain the decrease of the coefficient of 
expansion hy the ageing of austenite steel. 


THE THERMAL EXPANSION OF CHROME 
STAINLESS STEELS 


Chrome steels of the martensitic class, 
type 2X13: EI747, EI748, and EI749 were 
tested. According to composition, these 
steels are distinguished from 2X13 by add- 
itional alloying elements (see Table 1). 


BI748(A) EI747(x) 


quenching — high tempering 


0 300 YOO 500 600 700 800 


Fig. 2 


The indicated steels were studied in 
various structural conditions: in an im- 
proved condition (quenching 1050° in oil* 
tempering at 720°) and quenched (1050°- oil). 

In Figs.2 and 3 are represented the experi- 
mental results by means of co-ordinates of 
extension of the testpiece and those of ten- 
perature. 

The experimental points, characterizing the 
thermal] expansion of steels EI747, EI748 and 
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EI749 in the improved condition (Fig.2) in 
the temperature range 20-700° lie on the 
same curve with very slight deviations. 

In the region of allotropic transformation 
(t > 700°) there is a clear difference in 
the course of the curve of expansion, 

This is explained by the fact that the 
critical points of these steels are not 
identical (see Table 2). 

Points Ac,and Ac. of steels EI747, EI748 
and EI749 are higher than A,, and Ac, of 
steel 2X13 (A, = 820°, Ac, = 855° [2)). 

Steel EI749, having in its composition 
boron, nitrogen and zirconium, possesses a 
maximum value for Ac, and Ac, . The 
critical points A,, and Ar, of the steels 
tested, and of stee] 2X13 (Ar, = 750°, and 
Ar. = 795° (2]) almost coincide. 

The results of the data of the test shows 
that the coefficients of linear expansion 
of steels of this type have little depen- 
dence on the composition of the steel. 

In Fig. 3 are plotted experimental 
figures characterizing the expansion of 
quenched steels E1747, EI748 and E1749. 
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The points are so closely located side by side 
that it is not necessary to draw the curve, 


This graph shows, that in the range of 250-350° 


the increase of expansion of the testpiece 

( Al) with raised temperatures slows down, 
but in the range 550-650° a fairly rapid 
increase takes place in Al, Apparently, 
these changes in the slope of the dilatometri- 
cal curve are connected with structural trans- 
formations, resulting from tempering. 

In Table 5 are represented figures of the 
average coefficients of linear expansion for 
nine chrome stainless steels of different 
compositions. The two first steels were 
tested at Teddington [4] after heat working: 
heating up to 960°, soaking at 750° for 2 hr, 
and cooling in air. The seven tested by us in 
an improved condition (quenching 1050° in oil 
+ tempering at 720°).* 

These figures indicate, that a for all the 
steels has very nearly the same value. The 
author has propounded an empirical] formula, 
expressing the temperature relation for the 
average coefficient of linear expansion which, 
with an accuracy up to +4 per cent satisfies 
the value adduced by experiment in the ranges 
20-'700°: 


10° = 9,03 + 


(2) 
0.93 x 10~°t — 0,06 x 107 “¢?_1/°C. 

In the tenth line of Table 5 is quoted a, 
calculated according to this formula, 

In this same table is quoted a for four 
steels in the quenched condition. In the 
ranges 200-700° the coefficients of linear 
expansion of them, is somewhat lower than for 
these same steels in the improved condition. 

In the last line of the table are indicated 
the generalized @ for quenched steels. The 
variations of the experimental values from 
the generalized do not exceed 3 per cent. 


Translated by H, Mansel] 


* Values of @ for the steels X13, ZX13, 3X13 
and 4X13 are taken from previously published 
work of the author [2] 
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TABLE 5 


Average coefficients of expansion of chromec 
Stainless steels from 20 to t°C 


@ x10° (1/°C) with temperatures (°C) 


300 400 500 600 


i) 


12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 
12. 


11.1 LY, 
11.7 12. 
11.5 
11.3 11. 
11.1 11. 
$2.3 11. 
11.6 
11.6 12. 


11. 
a3. 
12. 
12. 
ER: 
12. 
12. 


X13 
3X13 
X13 
2X13 
EI747 
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3X13 
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Generalized 
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REFERENCES 2. B.E. Neumark, Teploenergetika, No.3, 3 (1955). 
taov, Teploenergetika, No.8, 39 
. BLE. Neumark, Teplofizicheskie svoistva razlich- 
nikh veshchestv, pod redaktsiei N.R. (Physical (1956). 
Properties of Various Substances). Edited by 4. G.G. Sherratt, J. Iron & Steel Inst. 154, 
H.B. Vargaftika, Gosenergizdat, p. 279 (1956). No.2, 96 (1946). 
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THE VARIATION OF THE COEFFICIENT OF REFLECTION OF 
LIGHT FROM MECHANICALLY POLISHED METALS WITH TIME* 


G.P. SKORNYAKOV and K.A. YEFREMOVA 
The Institute of the Physics of Metals Akad. Nauk. SSSR 
(Received 24 December 1957) 


A comparison of the values of the optical 
constants for metals which have been obtained 


by various researchers shows that an agreement 


exists between them only in the dispersion 
but there is not strict numerical agreement, 
These divergences can be explained partially 
by the difference in the quality of the 
samples, but to a larger degree probably 

are the result of differences in the state of 
the surfaces studied 

The surface layers of the metal on account 
of their boundary energy state, due to the 
surface tension, and as a result of other 
factors resulting from contact with the 
external medium, differ in their properties 
from the internal layers. On account of this, 
to a certain extent, the surface masks the 
properties of the body of the metal and at 
the same time can seriously influence the 
display of these properties. Besides which, 
in the optical] studies of metals it is 
important to be sure that the measurements 
are characteristic not only of the surface 
layer but can be referred also to the body 
of the metal sample. 

On describing the interaction of a light 
wave with the electrons in the meta] it is 
necessary to consider the dependence of the 
surface’s physical properties on the struc- 
ture of the metal, i.e. the method of pro- 
duction and the consequent heat and mechani- 
cal treatment gain significance [1-3]. The 
complexity of the phenomena in the prepara- 
tion of the optical] surface forces one to 
suppose that even after the treatment has 
been completed changes will occur in the 
properties of the surface layer. Their 
character can be determined hy the phenomena 


* Fiz. metal. metalloved. 7, No.3, 395-399, 1959. 


of relaxation and recrystallization, by phase 
changes, the adsorption of gases, chemical 
processes and so on. The development of such 
processes in time leads to variations in the 
results of the measurements [4]. From which 
it follows that the use of optical methods for 
the study of the properties of metals requires 
a most attentive and thorough approach to the 
appraisal of the state of the optical surface 
and to the definition of its role in charac- 
terizing the properties of the body of the 
metal sample. 

In this paper the results are given of the 
variations with time of the capacity for re- 
flection of mechanically polished metals: 

Fe, Ni, Co and G, 

As optical parameters for measurement, 
the reflection coefficient for light and 
the angle through which the plane of pola- 
rization is rotated in the optical -magetic 
Kerr effect, were selected. In order to 
discover the variations with time in the 
structure of the surface layer observations 
were carried out using electron diffraction 
photographs and microhardness tests. The 
measurements of the absolute reflection 
coefficient for metals were carried out 
according to the method described in [5] 
registering the intensity of the light photo- 
electrically. The circuit and the light 
source were stabilized. The accuracy in 
the measurement of the reflection coefficient 
of the light was + 0.2 per cent. 


THE METHOD OF PREPARING THE SAMPLES AND 
THE PREPARATION OF THE SURFACES 


The nickel samples were prepared from elec- 
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trolytic metal remelted in a vacuum furnace, 
The cobalt samples were cut from plates of 
electrolytic cobalt in the initial state. 
The samples of copper were prepared from 
electrolytically pure bar material, From 
each metal two samples were prepared with 
dimensions 25 x 20 x 2.5 mn, 

The samples of Fe, Ni and Co after giving 
them the corresponding form were annealed in 
a vacuum at 1000°C for 1.5 hr and then 
slowly furnace cooled. For Cu samples the 
heat treatment was not used. Polishing the 
samples was carried out by hand on glass 
using GOI paste (10 4). The polishing was 
effected also by hand on a cloth wheel with 
a thin layer of GOI paste and benzol. The 
polished samples were washed in alcohol and 
were immediately placed in the apparatus for 
measurement. For nickel samples besides the 
mechanical polish an electrolytic polish was 
used. 


THE EXPERIMENTAL RESULTS 


(a) The measurement of the coefficient of 
reflection for light PR. In the first experi- 


ments the problem was posed of following the 
variations in time of the aboslute coef- 
ficient of reflection of white light at room 
temperature and in contact with the atmos- 
phere. The measurements were carried out in 
white light and continued for 24 hr, The 
results of the measurements for mechanically 
polished metals are given in the table. The 
measurements show that the coefficient of 
reflection for light Rchanges noticeably only 


TABLE 1 


for Cu. In the course of 24 hr the value of 
R drops by 1-1.5%, and the most rapid change 
takes place in the course of the first 2-3 hr 
after polishing, The coefficients of reflec- 
tion of light for Ni, Co and Fe remain 
constant within the limits of experimental 
error. Later similar observations were 
carried out with a green filter and the 
duration of the experiments was increased to 
5-7 24-hr periods (Fig. 1). 

As is seen from the results presented the 
dependence of R on time for green light is 
analogous to that established earlier for 
white light, besides which increasing the 
duration of the experiments with samples of 
copper to seven 24-hr periods leads to a 
reduction of R by 2-3 per cent. 

In the final experiments with all the 
samples mechanically polished and at the end 
of noting readings electron diffraction 
photographs were taken.* In the electron 
diffraction photographs taken immediately 
after polishing (Figs. 2-3) two diffuse 
halos are visible which are taken to be 
explained by the mechanically polished sur- 
face having the structure of a Beilby layer 


6]. 

re form of the diffraction picture at the 
end (seven 24-hr periods after polishing) 
only changes for Cu: the halos disappear, 
and diffraction rings appear which are 
normally characteristic of materials in the 
polycrystalline state (Fig.4). The diffrac- 
tion picture of samples of Ni, (Fig.5) Co and 
Fe remain practically unaltered. 


The results of the measurement of the reflection of white light 


Ni Co 


The time 


Fe. Cu 
The time 


after 


fter The coef- 
ficient of 


polishing The coefficient of the polishing | the reflec- 
(hr) reflection of light (%) (hr) tion of 


light (%) 


63.30 
56. 50 63.30 
56.70 63.30 
56.70 63. 30 
56. 40 63.30 


51.80 64.2 
51.70 ‘ 63.9 
51.80 18. 63.1 
51. 80 23. 63.0 
51.80 25. 5 62.9 


* The authors express thanks to 8.S. Borisov for taking the electron diffraction photographs 
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On Ni samples experiments were also carried 
out on the gradual removal of the layer 
deformed hy mechanical polishing with the aid 
of electropolishing and R was measured at 
different stages in the electropol ishing. 
The results of these experiments are given in 
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of 
| rea Fig. 4. An electron diffraction photograph taken 
hr with a sample of mechanically polished copper 167 
0 20 40 60 80 100 120 140 160 hr after polishing. 


i ficient of 
Fig. 6 from which it is seen that the electro- 
polishing leads to a growth in R and the most 
rapid growth is observed in the initial stages 


of the process (the first 15 sec) when the 
most deformed layer is removed. The maximum 
value of R is obtained after a total polishing 
time of 1.5-2 min. Further electropolishing 
leads to partial] etching of the surface which 
is accompanied hy a slight reduction in the 
value of R. 

(b) Measurement of the microhardness. It is 
known that the presence of a deformed layer on 
the surface is associated with an increase in 
the microhardness of the metal. On removing 
such a layer by electropolishing the micro- 
hardness of, for example, samples of electro- 
lytic copper polished with GOI paste is reduced 
hy approximately 37 per cent, of stainless 
steel by 22 per cent, aluminium by 11 per cent 
[7]. It is known also that the microhardness 
of the surface of one and the same metal can 
vary substantially depending on the method of 
preparation [8]. 

Taking the facts mentioned into consideration 
experiments were undertaken hy us to expose the 
variations of the microhardness with time at 
room temperature. The experiments were carried 
out on Ni samples polished mechanically and 
lasted over a period of 17 hr. It tumed out 
that in the course of the time mentioned the 
microhardness of the mechanically polished Ni 
remains constant within the limits of the 
experimental error, 

(c) Measurement of the optical-magnetic Kerr 


Fig. 2. An electron diffraction photograph taken 
with a sample of mechanically polished copper 15 
min after polishing. 


Fig. 3. An electron diffraction photograph taken 
with a sample of mechanically polished nickel 
15 min after polishing. 
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effect. In reference [9] it is suggested that 
the state of a mirror’s surface should influence 
the magnitude of the rotation in the Kerr 
effect. In connexion with this, measurements 
were carried out by us of the angle through 
which the plane of polarization is rotated for 
mechanically and electropolished Ni. For the 
mechanical polishing the direction of polishing 
in relation to the plane of polarization of the 
incident light was also changed. 

The sample in the form of a thin plate was 
placed between the poles of an electromagnet, 
A mercury lamp with a blue filter served as a 
source of light. The position of the plane of 
polarization of the light was determined with 
an accuracy of up to + 0.02 per cent using a 
crossed Nicol type of apparatus. The dual 
effect was observed on account of reversing the 
magnetic field. 

The experiments showed that differences in 


Fig. 5. An electron diffraction photograph taken 
with a sample of mechanically polished nickel 164 
hr after polishing. 
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Fig. 6. The dependence of the coefficient of 
reflection of light R for nickel on the duration 
of the electropolishing. 


the angle of rotation for mechanically and 
electropolished surfaces were absent, 


DISCUSSION OF RESULTS 


Observations on the variation with time of 
properties of polished surfaces showed that 
for Ni, Fe and Co samples the reflectivity 
does not undergo noticeable changes during 
the course of a week, These results are 
found to be in agreement with the structural 
data obtained hy electron diffraction, These 
last show that the structure of the surface 
layer also remains unchanged. The considerable 
reduction in the reflection coefficient for 
copper can be put down to the development of 
a film of oxides on the surface of the metal. 
The distinct diffraction rings at the end of 
the experiments, as was shown by calculation, 
belong to Cu,0. The oxidation of the surface 
could take place both during polishing and 
also consequently when it is in the air, 

Thus apparently the thickening of the oxide 
layer and its crystallization occurred, As 
was established in reference [10] the com- 
plete crystallization of the copper oxides 
is successfully carried through in 94 hr, 
i.e. in a time which is practically half the 
length of our experiments, Thus one can 
reckon on the completion of this process in 
the samples of copper. 

As regards Ni, Fe and Co samples, in agree- 
ment with the data of reference |10! the 
crystallization of the polished surface for 
these metals can begin, evidently, only after 
heat treatment. The constancy of the value 
of R can be explained also by the greater 
stability of these metals to oxidation as 
compared with copper, 

In appraising the microhardness measure- 
ments, one should possibly consider on the 
one hand the slow character of the change in 
the polished layer and on the other hand the 
possible coarseness of this method. Usually 
the depth to which the small prism penetrates 
is a few microns, i,e, it considerably 
exceeds the depth of the deformed layer in a 
finely polished surface, Therefore measure- 
ments of the microhardness should be carried 
out when there are more radical changes of the 
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surface for example, as a result of heat 
treatment, for considerable plastic defor- 
mation of the sample etc, and in the case of 
variations with time these should be related 
to a larger time interval, 

Thus the joint electron diffraction studies 
and measurements of the reflectivity show 
that those metals, whose polished surfaces 
possess an increased resistance to oxidation, 
(Fe, Co Ni) do not disclose noticeable 
variations in the structural and optical 
properties of the surface of the polished 
layer with time. 

In metals, the polished surface of which is 
subject to considerable oxidation (Cu), a 
change in the reflective capacity is observed. 
This variation can be explained on the basis 
of electron diffraction data by the formation 
of a layer of oxides. The fact mentioned 
should be considered in research on the dis- 
persion of optical properties which normally 
occupy a long period of time during which the 
examined surface of the sample may change its 


state, 
The explanation of the invariability of the 


angle through which the plane of polarization 
is rotated in the Kerr effect on changing 
from mechanical to electropolishing the sur- 
face, i.e. for two states with a different 
structure and different reflective capacity, 
may need to be sought in the fact that in 


strong fields the magnetization for saturation 
is the same for both surfaces, or maybe a 
more accurate method of measurement is 
required to detach the variations, 


Translated by J.H. Dempster 
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AN X-RAY STUDY OF THE DISTORTIONS AND BINDING 


FORCES 


IN THE CRYSTALLINE LATTICE OF 


NICKEL - BASED SOLID SOLUTIONS* 
N.I. NOSKOVA and V.A. PAVLOV 
Institute of the Physics of Metals Akad. Nauk SSSR 
(Received 23 July 1958) 


A study of the effect of heat treatment and 
of alloying with large and small metal 
additions on their mechanical properties is 
essential for understanding the hardening 
processes which occur on doing this. The 
establishment of a direct connexion between 
the fine structural variations, the form of 
the heat treatment, the alloying and the 
deformation allows a conclusion to be drawn 
conceming the reasons for metal hardening, 

By numerous works it is shown that the fine 
structural variations differ depending on the 
heat treatment selected and the degree to 
which the material is alloyed. Thus belong- 
ing to the fine structural variations are 
the appearance of second-order distortions, 
variation in the grain structure, the appear- 
ance of static and dynamic distortions - 
these last are the result of changes in the 
interatomic bond — and, finally, the appear- 
ance of all kinds of non-uniformities: 
local order, adsorption, the formation of 
complexes as a result of dislocations being 
blocked by atoms of the second component, 
enhanced diffusion. 

On alloying with different additions 
several elements of the fine structure alter 
in different ways, However for certain 
conditions of plastic deformation such solid 
solutions act in the same way. 

So for nickel-based solid solutions, on 
alloying with copper or aluminium, the bond 
strengths in the crystalline lattice, which 
bonds form the solid solutions, change in 
opposite ways in agreement with the results 
of the references [1-3]. On alloying with 
copper the bond strengths of the crystalline 


* Fiz. metal. metalloved. 7, No.3, 400-404, 1959. 


lattice are reduced and on alloying with 
aluminium they increase, 

Simultaneously both in the first and in the 
second solid solution, excluding solutions 
with very small additions of aluminiun, 
hardening is observed with the degree of 
alloying [4-6]. 

This can be connected with the fact that 
under these conditions of deformation a role 
is played hy the elements of the fine struc- 
ture which in both alloys suffers the same 
type of change on alloying. 

In line with this a variation in the fine 
structure of solid solutions is possible on 
plastic deformation, As a result of this, 
solid solutions with different initial fine 
structure under load can behave in the same 
way, thanks to the fact that during defor- 
mation certain elements of the fine struc- 
ture will change in opposite ways and com- 
pensate for the initial difference. 

In other cases solid solutions with the 
same initial fine structure can behave in 
different ways under load as a result of dif- 
ferent changes in the fine structure in the 
process of deformation, 

Therefore it was interesting to study the 
fine structural variations which appear in 
nickel on alloying it with different 
additions of copper or aluminium for differ- 
ent heat treatment and plastic deformation, 

In the present work measurements are made 
of the static and dynamic distortions caused 
by alloying depending on the heat treatment 
and plastic deformation, and the grain size 
and second-order distortion in the deformed 
state are determined, 
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Distortions and binding forces 


THE MATERIAL AND METHOD OF 


MEASUREMENT 


TABLE 1 
The ebmposition of the solid solutions studied 


The number 
of the 


The content of the element 
in weight per cent 


solid 


solution Al 


Ni 


The number 
of the 
solid 
solution 


The content of the element 
in weight per cent 


Ni Cu Al 


90 
80 
60 
40 


99.97 0.023 


In the work, studies were made of solid solu- 
tions obtained on a nickel base (99.99%) on 
alloying with copper (99.95%) and aluminium 
(99.99%). The composition of the solid solu- 
tions studied are given in Table 1. 

All the solid solutions were melted in a vacuum 
furnace. 

The values of the static and dynamic distortions 
are determined by the method described in the 
references [7, 8]. The grain size and second- 
order distortion in the deformed state were deter- 
mined in a way analogous to the references [9, 10]. 

The method of preparing the samples for the 
research is described in reference [2]. 


THE RESULTS OF THE RESEARCH AND THEIR DISCUSSION 


1, The nickel-copper solia solutions. The 


results of research on the fine structure of 

solid solutions of nickel with 10, 20, 40 and 

60% copper have been published in part in 7 
reference [2]. 195 

The value of the characteristic temperature 
and the size of the static and dynamic dis- 
tortions of the crystal] lattice of these solid 
solutions are given in Table 2. 

From Table 2 it is seen that the dynamic and 
static distortions of the crystal lattice grow 
on increasing the content of the second compo- 
nent right up to 40% copper, The characteris- 
tic temperature on alloying nickel by the 
addition of copper is reduced after annealing 
at the temperatures indicated in Table 2. 

2. Nickel-aluminium solid solutions. 
nickel -aluminium solid solutions were 


The 


TABLE 2 
The value of the characteristic temperature, 
and the size of the static and dynamic distortion of 
the crystal lattice of the solid solutions 


The 
charac- 


The dynamic distortion 


The 


The static annealing 


teristic 
tempera- 
ture (°K) 


The solid es. 


at - 180°C 


distortion 


tempera- 


at+23°C ture (°C) 


0.04 
0.04 
0.05 
0.05 
0. 06 


355 
350 
340 
320 


Pure Ni 

Ni+10 % Cu 
Ni+20 % Cu 
Ni+40 % Cu 
Ni460 % Cu 


600 
650 
650 


0.07 
0.07 
0. 08 
0. 09 
0. 09 
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1 - 7 99.95 0.05 
2 10 8 99.7A 0. 24 
3 20 9 98.50 1.50 
4 40 10 97.07 2.93 
5 60 11 93.00 7.00 
- 
0.07 
0.09 700 
0.06 700 
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TABLE 3 
The annealing regime and the results of the measurements 


The 
charac- |™e dynamic distortionin, static The 


The solid solution | teristic (A) distortion | #nnealing 


tempera- | at _180°c at423°C 
ture (°K) ture (°C) 


PUPOONE 355 0.04 0.07 600 
Ni+0.023 Al... .. 360 0.05 0.07 700 
Ni+0.05 Al Wee hex 380 0.05 0. 07 800 
Ni+0. 24 Al it ears 400 0.04 0.07 0.06 
Ni+1.50 Al .. .. 410 0. 04 0. 06 0.06 
Ni+2.93 Al oie) rakes 410 0.04 0. 06 0.09 
Ni+7.99 Al Rat chat 490 0.04 0. 05 0.05 850 


annealed in powder form before being studied From the powder, samples were prepared for 
(the annealing conditions are shown in Table obtaining an X-ray photograph by Debye’s 

3). The annealing temperature was chosen to method, The X-ray photographs were taken at 
remove the extinction effect. room temperature and at the temperature of 

After this on the basis of the method liquid nitrogen with the aim of determining 
already indicated the static and dynamic the characteristic temperature of the samples 
distortions of the crystal lattice and the in the deformed state, 
characteristic temperature were determined. The X-ray photograph of the annealed and 
The results of the measurements are given in deformed samples was taken using the Kg - 
Table 3. molybdenum line, 

From Table 3 it is seen that the amplitude Besides this the second-order distortion 
of the thermal oscillations of the atoms at and the grain size in the deformed samples of 
room temperature is reduced on alloying. The the nickel-aluminium solid solutions were 
static distortion grows as was also observed determined additionally by photographing 
in the nickel-copper solid solutions with the using the Kq-iron line. 
second component contained in solid solution. The results of the research are given in 

3. The effect of plastic deformation on Table 4, 
the fine structure of nickel-copper ana From Table 4 it is seen that the second- 
nickel-aluminium solid solutions. At the order distortion rises with the content 
present time the physical nature of the of the second component. It must be men- 
hardening of the single phase solid solutions tioned that even small] additions of aluminium 
is not quite clear. It is not sufficiently have an effect equa] in strength to a large 
clear which elements of the fine structure copper content. On alloying the grain size 
play the most important role and which vary changes little, however a greater change 
in some or other solid solutions under dif- occurs on alloying with additions of alumin- 
ferent conditions of deformation. ium. 

In the given case the effect of plastic Attenfion is drawn to the fact that the 
deformation on the fine structure has been characteristic temperature and dynamic 
studied for deformation by means of filing distortion of all alloys in the deformed 
the solid solutions indicated in the region state (after filing) are the same in spite 
of room temperature. Such a view of the of the large difference between them in the 
deformation was chosen in connexion with its initial state. This is the result of in- 
convenience for study with X-rays. creasing the characteristic temperature in 
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TABLE 4 


The second-order distortion and the grain size of the deformed samples 


e second- 


The 
The dynamic distortion 


order The grain charac- 
The solid solution jdistortion, size teristic (A) 

| | tempera- | ot | ate23°c 

ture (°K) 
Pure Ni be 0.6 1.5 350 0.04 0.07 
Ni+10% Cu oan 0.7 ice 350 0.04 0.07 
Ni+20% Cu 0.9 12 340 0.05 0.08 
Ni+40% Cu i. aoe 1.0 1.0 350 0.04 0. 06 
Ni+0.023% Al.. .. 0.6 1.0 340 0.05 0. 08 
Ni+0. 24% Al 1.0 0.8 ~ - - 
Ni+0.93% Al Ss 0.5 340 0.05 0.07 


the deformed solid solution of nickel with 40% 
copper and reducing the characteristic tem- 
perature after deformation of a solid solution 
of nickel with 2.93% aluminium with respect to 
the annealed state. They link the reduction 
of the characteristic temperature of the 
deformed samples with the destruction of the 
local order on deforming solid solutions in 
which local order can be created by means of 
annealing [11.12]. Apart from this it is 
noted that the rise of local order is facili- 
tated in deformed samples [13]. 

The results of Thomas’s work [14] indicate 
the existence, in solid solutions of nickel 
with 40% copper or nickel with 2.93% aluminium 
in a definite temperature range, of a special 
“K-state” which permits non-uniformity in the 
atomic distribution of the second component 
in the form of the existence of local order. 
Deformation at the temperatures at which the 
temperatures at which the “K-state” exists 
can aid the appearance of local order. 

So for a solid solution of nickel with 40% 
copper the region of the “K-state” is at 
room temperatures and deformation at these 
temperatures apparently aids the creation of 
local order. This last is manifest in the 
rise of the characteristic temperature of the 
deformed samples. 

For a solid solution of nickel with 2.93% 
aluminium the region of the “K-state is at 
400-500°C and it is entirely probable that 
deformation at room temperature destroys the 


local order, 

In reviewing the behaviour of the alloys 
under load it is essential to consider the 
possibility of altering the characteristic 
temperature to one side or the other. This 
last helps one to understand better the 
properties displayed ty the solid solution 
on doing this. 


CONCLUSIONS 


1. On forming nickel-based solid solutions 
by means of alloying by the addition of 
copper and aluminium, static distortion 
occurs the amount of which increases with 
alloying (in the range of additions studied). 
The characteristic temperature increases on 
alloying nickel with aluminium and decreases 
on alloying with copper. 

2. The plastic deformation (filing) at 
room temperature in solid solutions of nickel 
with 2.93% aluminium reduces the characteris- 
tic temperature, and increases it in solid 
solutions of nickel with 40% copper. 

3. The possibility of increasing or reducing 
the characteristic temperature must be con- 
sidered in reviewing processes proceeding 
under load. 


Translated by J,H, Dempster 


REFERENCES 
1. G.V. Kurdiumov and N.T. Travina, Dokl. Akad. 


78 


Distortions and binding forces 


Nauk SSSR 99, 1, 77 (1954). 
. N.I. Noskova and V.A. Pavlov, Fiz. metal. 
metalloved. 6, 2, 334 (1958). 


. B.R. Coles, J. Inst. Metals, 84, 9, 346 (1956). 


. Struktura metallov i ikh svoistva. (The 
Structure of Metals and their Properties). 
Collection under the editor M.L. Bergshtein, 
State Scientific and Technical Publishing 
House, p.37 (1957). 

. V.A. Pavlov and I.A. Pereturina, Fiz. metal. 
metalloved., 6, No.4 (1958). 

. V.A. Pavlov and I.A. Pereturina, Fiz. metal. 
metalloved., in print (1958). 

. V.A. Il’ ina, V.K. Kritskaia, G.V. Kurdiumov 
and L.I. Lysak, Prob. metalloved. i fiz. 
metal, (Problems of Metallurgy and the Physics 
of Metals), 2, 222, (1951); 4, 395 (1955). 


8. V.A. Il’ in, V.K. Kritskaia, G.V. Kurdiumov and 


L.I. Lysak, Izv. Akad. Nauk SSSR, 17, 3, 297 
(1953). 


. L.I. Lysak, Vopr. fiz. metal. i metalloved. 


(Problems of the Physics of Metals and Metal- 
lurgy), Akad. Nauk. Ukr. S.S.R. 28, 1952. 


. L.I. Lysak, Vopr. fiz. metal. i metalloved. 


(Problems of the Physics of Metals and Metal- 
lurgy), Akad. Nauk UKr. S.S.R. 45 (1954); 40 
(1955). 


. F.F. Jaumot and A. Sawatzky, Acta Met. 4, 2, 


127 (1956). 


. I)’ ina, V.K. Kritekaia, G.V. Kurdiumov 


and T.N. Steletskaia. Izv. Akad. Nauk. SSSR, 
20, 7, 728 (1956). 


. H.G. Muller and Schulze, Z. Metallk. 48, 2, 


72 (1957). 


. H. Thomas, Z. Phys., 129, 2, 219 (1951). 


79 
5 
6 
1 
1 
VOL. 
7 
1.95% 


PHENOMENOLOGICAL DESCRIPTION OF ENERGY DISSIPATION BY 
AN OSCILLATING WIRE SPECIMEN* 
V.S. POSTNIKOV 
Kemerovsk State Pedagogical Institute 
(Received 17 July 1958) 


The article analyses the problem of damping of oscillations in a wire specimen, 
on the assumption that its material possesses relaxation and elastic-plastic 
properties. The results of the investigation are discussed with respect to pure 
aluminium. 


In the paper [1] a study was made of the problem of damping the oscillations of an homo- 
geneous, isotropic wire specimen performing smal] torsional oscillations, On the assumption 
that the specimen material possessed relaxation properties, a satisfactory explanation was 
offered for the appearance of a maximum on the curve of temperature dependence of internal 
friction, However, no explanation was given for the steady increase (“phon”) of internal 
friction at elevated temperatures [2, 3], which can be observed in experiments, Such a 
result was, generally speaking, only to be expected since, of al] the properties which an 
actual solid body can possess, we considered in that article only the relaxation properties, 
Consequently, if the “phon” is to be described, it is also necessary to take into account 
other properties of a solid body, for example the elastic-viscous properties, As shown 
in the article [1], however, this assumption does not provide a positive solution of the 
problem of the origin of the “phon”, In this connexion, an attempt is made in the present 
article to investigate the “phon” on the basis of an assumption that the specimen material 


is elastic-plastic [4]. 
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We will consider torsional oscillations of a cylindrical specimen, assuming - as before [1] - 
that forces are applied to its bases only, so that twisting is uniform from end to end, and 
that no forces are acting on the side surface. Let the z-axis coincide with the specimen axis, 
and let R be the specimen radius, R, the radius of a central portion which is still elastic at 
a given instant, r the distance of any point from the axis in the section plane through the 
specimen at a height z, In the elastic portion, the resistance to twisting on all elements 


dS = rd@dz of the upper base of an infinitely smal] layer dz (Fig. 1) equals 
0 
rdr dot = urtdr do 
an yp pr rd 


where yp is the angle of displacement of the lower element relative to the upper element, and pu 
the modulus of rigidity. Similarly, on all elements dS in the lower section, the resistance to 


twisting equals 
db (— 
Consequently, any prismatic part D of the layer dz (Fig. 1) is subjected to a deformation force 
equal to the difference of the above two forces 


a 
dal (9% —(% |= 2? gz. 
pr? dr ie pr? drd dz 


The full moment of the elastic forces, acting on the whole layer dz, equals 
R, 


3 


a9 


02? (1) 


0 
The resistance to twisting in the part which has become plastic (at some elevated temperature 
whose value will be discussed later) is equal to some constant value, If it is assumed that 
plastic flow of the material obeys Newton’s Law, i.e, that the absolute value of the force 
resisting plastic flow is proportional to the surface dS of contact of the two elements and to 


the gradient of linear velocity OR) then the resistance force in plastic flow, acting 


2 
from an adjacent layer A on to a layer B equals 


Similarly, the effect of an element in a layer C on the element under consideration in the 
layer B equals 


Their joint effect equals 


The full moment of the forces of plasticity, acting in the zone of plasticity, equals 


3 
== Rb) Ron dz. 


R, 
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Energy dissipation 


Finally, the moment of the inertia forces for the layer B must clearly equal 


— 42 : 3 
(3) 


where p is the density of the specimen material, 
According to d’ Alembert’s principle, the sum of the moments (1), (2) and (3) should equal 
zero, whence a differential] equation for the oscillations of an elastic-plastic specimen is 


obtained 


4 —Sy =0. 
2 2 or (4) 


= Ri) Ron 


In our case, the specimen is fixed at one end, while the other end carries a twisting system 
whose overall moment of intertia, J, is many times greater than the moment of inertia, Sis of 
As the specimen is fixed, at its upper end at all t >0O we have 


the specimen itself, 


Plaxo = 0. (5) 


As regards the condition at the lower, free end of the specimen, this can be described as 
follows: 


4 
0% 


RR, 
3 7 Ro) 


In equation (6), the first term represents the full moment of the forces of plasticity, the 
second — the instantaneous moment of the inertia forces of the twisting system (i, is neglec- 
ted), and the third - the full moment of the elastic reaction of the specimen end to the 
twisting system, By d’ Alembert’s principle, their sum equals zero, 
Lastly, the initial conditions must be defined 
= (2), = O. (7) 


Integrating equation (4) by the method of D, Bernoulli, by substituting d (z,t) = X(z).I(t), we 
obtain 


X” PX = 0 (8) 


4 


2n mR 


where s is a parameter which is still to be determined, The integral of (8), which vanishes 
for z =0, is 


X=sin sz, (10) 


and a general integral of (9) is 


(11) 


where C’ and C” are arbitrary constants, and q’ and q’ are roots of the characteristic equation 


2 Qn R3 Rox . §2 s? = 0 
0) + —— ps* = 0. (12) 
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Consequently, a partial solution of equation (4) is 
(z, t) + sin sz, (13) 


this solution vanishing together with its derivative with respect to t at all t >0 when z =0, 
The value of the parameter s must be such that the condition (f) is satisfied on the free end, 
Repeating the reasoning adopted in the article [1], we find the following condition for s 


np Rt 


s= C tans/, (14) 


By calculating the values of q, and q,’ corresponding to each s,, we see that 


(z,¢t) = (c’, etn!) sin S,,2 


with any constants C” and Cr and for all m =0, 1, 2 etc, is a solution of equation (4), 
satisfying the conditions (5) and (6) at the specimen ends, In view of the linearity of 


equations (4) and (6), with any C, and C* the sum 


0 


m= 


is also a solution of (4), satisfying the conditions (5) and (6), It can be shown, with the aid 
of the paper [5], that the solution (15) is unique. Choosing C, and C/’so as to satisfy the 
initial conditions (7), as in the paper [1], we obtain 


(16) 


whe re A, are the coefficients in the expansion of @(z), determined between 0 and / in the usual 
form, namely: ‘ 


(z) sin Smz dz 
(17) 


In our case 


(19) 


When Ry < Pf, this inequality is attained for a very large number of harmonics, For harmonics 
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Energy dissipation 


satisfying the inequality (19), gq, and q7 can be written as: 


. 


Ro R* 


Using the well-knowm Buler’s formulae and the values found for q/, qv, 4 and bal we obtain 
the general solution of equation (4) in the form: 


N 
th =NA,e om" (cos + sin bat} sin s,,2. (21) 
m=0 


The logarithmic decrement of damping of angle e. equals Qn Consequently, interna] 


friction due to the simultaneous effect of all harmonics is 


9 
So 


9 Ro R* 


Expression (22) is meaningless unless R, < R, i.e. unless plastic properties of the specimen 


become apparent, 
At the boundary between the elastic core and plastic ring, the condition (9, \p = (0 a 
must prevail, where is the tangential stress. The radius of the portion 


(at some elevated temperature) is determined from the condition [4] 


For mth oscillations, when z = l and t = 0, we obtain from (15) and (17) 


9) 
R, ( o) 
tt Am Sm COS Sml 


(24) 


According to Saint Venant’s condition of plasticity, a material passes into the plastic state 
when the greatest tangential stress attains the value of half the yield point, Thus, for 
example, for pure aluminium the condition B, = = R is satisfied when (Ooo = 57 g/mm?, Conse- 
quently when, at some higher temperature the yield point will drop yn 57 g/mm? , the 
radius BR, of the elastic section will, according to (24), be less than the radius of the 
specimen, R, and, as can readily be seen from (22), internal friction will steadily increase 
(for T > T,), since it is well-known [e, 7] that with increasing temperature the yield point 
of metals decreases exponentially, Using the results of the investigation [7], it is easy to 
determine the temperature a above which 6, < 57 ¢/mm?, At a rate of deformation of about 3 
x 10~* cm/sec (in our case (2) the rate of deformation was about 5 x 10~* cm/sec), the critical 
shear stress 6, 57 g/mm? for aluminium will] not be reached until T = 535°C, Consequently, 
such a specimen wil] only be able to disperse energy at temperatures above 535°C, However, a 
definite increase in internal friction is observed in experiments at lower temperatures, This 
is due apparently to the fact that plastic properties begin to be exhibited by materials at 
stresses well below those stipulated by Saint Venant’s condition, 
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Thus, by attributing to a specimen relaxation and elastic-plastic properties, it is possible 
to describe more or less satisfactorily the temperature dependence of internal friction in pure 


metals. 


Translated internally 
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CONCENTRATION DEPENDENCE OF INTERNAL FRICTION IN 
DEFORMED |!RON-BASE ALLOYS* 
R.S. LEBEDEV and V.S. POSTNIKOV 
Kemerovsk State Pedagogical Institute 
(Received 28 July 1958) 


In the papers [1, 2] a study was made of the effect of plastic deformation on 
internal friction in ferrous alloys. In the present investigation the same 
method of low-amplitude torsional oscillations (f~ 1 c/s) under the same test 
conditions was used for examining the effect of concentration on internal 
friction of iron-silicon and iron-titanium alloys subjected to a prior strain 
of about 91 per cent. ‘Two series of alloys were employed, with a base of Armco 
iron and additions of 0.06, 0.19, 0.47, 1.87 and 3.0% by weight of silicon, or 
0.3, 0.47, 0.7, 1.2 and 2.2% by weight of titanium. 

It was found that the principal influence on the magnitude of internal friction 
in deformed alloys and the position of the maximum of 0 1(T) is exerted not by 
the change in the bond forces resulting from alloying of iron, but by the change 
in the submicrostructure of the alloys. 


1. TEST RESULTS 


Plastic deformation very greatly increases 
the magnitude of internal friction and 
affects the position and the value of the 
maximum of interna] friction, which disap- 
pears after high-temperature annealing [1, 2). 
Increasing the extent of prior plastic 
deformation shifts this maximum in the direc- 
tion of lower temperatures. Increasing the 
silicon or titanium contents (Figs. 1-3) 
hardly changes the position of the maximun, 
but on the other hand substantially affects 
the magnitude of internal friction. As can 
be seen from Figs. 3 and 4, the effect of 
titanium on the magnitude of intemal 
friction is greater than that of silicon. 

The influence of foreign atoms on internal 
friction in iron is determined not only by ae | 
their number but also by their kind, Fig.5. aes 3025 
shows that the same amounts of silicon, G0 160 240 520 400 480 560 640 720 800°C 


titanium and molybdenum (0.47 per cent by 
weight) affect differently the magnitude of ‘Pig. 1. Temperature dependence of internal friction 


internal friction. The highest value of ola and modulus of rigidity 1°- 5”) of iron-silicon 
internal friction, particularly at high alloys before annealing. Rate of heating 6°C/min: 

1, 1°- 0.06% wt. Si; 2-0.19; 3-0.47; 4 - 1.87; 
* Fiz. metal. metalloved., 7, No.3, 410-417, 1959. 5 - 3% Si. 
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Fig. 2. Temperature dependence of internal 0.30 
of iron-silicon alloys after annealing. 
Designations as in Fig. 1. Fig. 4. Temperature dependence of internal friction 
(1-5) and modulus of rigidity (1°-5°) of iron- 
titanium alloys after annealing. Designations as in 
Fig. 3. 
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Fig. 3. Temperature dependence of internal Fig. 5. Temperature dependence of internal friction 
friction (1-5) and modulus of rigidity of iron-silicon (1), iron-molybdenum (2) and iron- 
(1 -5 ) of iron-titanium alloys before titanium (3) alloys. Element content in alloys 
annealing: 1, 1° - 0.3% wt. Ti; 2 - 0.47; 0.47% wt.: 1-3 - before annealing; 1’, 2 and 3° - 
3-0.7; 4-1.2; 5 — 2.2% Ti. after annealing. 
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temperatures, is observed in the iron-silicon By combining (1) and (2) we obtain 


alloy. 

The behaviour of the modulus of rigidity 
(Figs. 1-4) is slightly different. Both 
before and after annealing, the modulus of 
rigidity (or, more correctly, the square of 
frequency f?~ G) in the whole temperature 
range investigated increases with increasing 
concentration of the dissolved element in 
the iron lattice. Once again, titanium 
exerts a stronger influence than silicon, 
The same characteristics of the concentra- 
tion dependence of internal friction and the 
modulus of rigidity were displayed hy the 
iron-tungsten alloy after different extents 
of cold working [1]. The iron-molybdenum 
alloy (just as the iron-nickel alloy [2]) 
has a second maximum in the region of 800°C, 
which does not disappear completely after 
prolonged annealing at a high temperature. 
The appearance of the second maximum is 
probably due to grain-boundary relaxation 
(2]. Finally, all the curves and talar 
data once again [1, 2] clearly lead to the 
conclusion that a strict connexion exists 
between the value of interna] friction and 
the strength of an alloy at a high tempera- 
ture. 


2. DISCUSSION OF RESULTS 


(a) It is well known that an ideal 
crystal containing N atoms acting upon one 
another in accordance with the law f = 
~X x has a mechanical equivalent in a 
combination of 3N independent oscillators 
with different frequencies f. The maximum 
frequency of elastic oscillations of atoms 
in the lattice is determined from the con- 
dition that the phonon energy hf, is com- 
parable to the mean energy of atomic thermal 
motion [4] 


Am = (1) 


If the atomic mass is m, the frequency of 
vibration of a harmonic oscillator is, of 
of course, 


which shows that the quasi-elastic bond 
coefficient, which determines the force of 
cohesion of atoms in the lattice, is propor- 
tional to m Pi , Where @ is the so-called 
characteristic temperature is very often 
employed as a magnitude characterizing the 
bond forces in a lattice [5-7]. 

In real crystals which are free from all 
stresses, there is no perfect order in the 
distribution of atoms throughout the whole 
body, and consequently the characteristic 
temperature @ should, generally speaking, 
be somewhat different from @, [8]. An even 
greater difference in 6. may be expected in 
crystals which have undergone plastic defor- 
mation because it is accepted that plastic 
deformation produces various types of dis- 
tortion in a lattice, However, tests show 
5, 6] that, in the first approximation, the 
characteristic temperature of pure metals 
does not depend on the extent of prior 
plastic deformation and remains approximately 
equal to the value @ “of fully-annealed 
metals. It may be concluded from this that 
plastic deformation does not affect the 
forces of interaction between the atoms in 
pure metals. Nevertheless, the strength of 
pure metallic crystals increases as a result 
of cold work. If the atomic bond forces in 
the lattice remain unchanged, this increase 
in strength is ascribed to the appearance of 
a fine submicroscopical structure [6]. 

It is quite obvious that the appearance of 
a fine submicroscopical structure cannot 
reduce the magnitude of internal friction in 
a metal, since a high-strength state thus 
attained possesses greater energy and can 
only exist as a meta-stable one. For this 
reason, in spite of their higher strength, 
cold-worked metals also exhibit as a rule 
higher internal friction. On heating the 
metals, their cold-worked state disappears, 
and the magnitude of internal friction 
decreases, 

The increase in the magnitude of intemal 
friction on heating [1, 2] and its decrease 
upon reaching a certain temperature Th are a 
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result of competition between two mutual ly- 
opposed processes [3]. One of these is the 
process of reduction in the number of 
various defects produced by the previous 
Plastic deformation, and the other is the 
appearance of new defects because of tem- 
perature fluctuations, In addition, it is 
necessary to take into account the rate of 
relief of internal stresses, which is 
governed hy the extent of prior deformation 
and the nature of the material. For this 
reason, the rate of specimen heating may be 
expected to, and does in fact, play an 
important part [3] in determining the curve 

(b) The change in the state of an alloy as 
a result of plastic deformation is associated 
with a change in the forces of atomic inter- 
action in crystal blocks [5, 6] as well as 
with the change in the number and type of 
defects. However, no change in @ as a result 
of plastic deformation was observed in iron- 
silicon, iron-titanium, iron-molybdenum and 
iron-tungsten alloys [5]. This result is 
rather unexpected, since the modulus of 
rigidity does not remain unchanged in the 
process (see Figs. 1-4). To visualize this 
more clearly, we will find the connexion 
between @ and E on the example of linear 
extension of an ideal cubic crystal (with a 
simple cubic lattice and a lattice constant 
a) whose edge length is l. Let n atoms be 
distributed on this length, The average 


distance between the atoms is then x = l/n-1 
and the average area corresponding to one 
atom is x? = 1?/(n-1)2,_ If the force of 
interaction of two atoms, lying on either 
side of an imaginary plane passing through 
the crystal] centre parallel to the cube 
edges, is f = -X-x, the full force of 
cohesion equals, in the first approximation, 
Fi--X2m?, Under the influence of an 
externally applied force F, the distance 
between the atoms changes by Z\ x, and the 
force of cohesion becomes = - x (x + 4) 
The full elongation of the edge, Al, under 
the action of 


F =F.—F. = xAxn? 


is Ax(n-1). According to Hooke’s Law 


l E-S 


where 


l=x(n—1), S=x*(n— 1). 


Substituting in the latter equation the 
values of 1, s, Al and F expressed in terms 
of x and Ax, we obtain 


E ', 


Expression (3) for X finally becomes 


(4) 


m 


Thus the characteristic temperature is found 


TABLE 1 


Data on cold plastic deformation of iron-silicon alloy 


Silicon content (% wt. ) 0.06 


1.87 


Average grain diameter 
Breaking stress (before 
annealing) at 25°C 

(kg/mm? ) 
Breaking stress* at 
840°C (kg/mm?) 0.78 
Internal friction* at 
0.21 
Square of oscillation 
frequency* (f* ~G) 
at 840°C 


0.011 


106.9 


0.25 


0. 26 


0.017 


* Measured after annealing at 840°C for 1% hr. 
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0.012 0.014 0.021 
107.4 108.0 110.4 132.0 
0.92 1.09 1.30 1. 50 
0.18 0.16 0.14 0.12 
0.27 0.28 0.30 
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TABLE 2 
Data on cold plastic deformation of iron-titanium alloy 


0. 47 


Titanium content (%wt. ) 0.3 
Average grain diameter 

0.012 
Breaking stress 

(before annealing) 

at 25°C (kg/mm*) 109. 2 
Breaking stress* at 

840°C (kge/mm?).. .. 1.84 
Internal friction* at 

Square of oscillation 

frequency*({ 

at 840°C .. 0. 36 


0.016 


0.7 1.2 2.2 

0.020 0.026 0.030 
112.0 114.0 143.0 
1.96 2.08 2.30 2. 58 
0.12 0.10 0.085 0. 08 
0. 40 0.43 0. 46 0. 48 


to be proportional to the square root of the 
modulus of elasticity. In view of the known 
relation [9] between E and G, the character- 
istic temperature is also proportional to 
JG. Because of this relation, the above 
result is in fact unexpected, The modulus of 
rigidity (see Figs. 1-4) is very strongly 
influenced by the extent of prior deformation 
and heat treatment, whereas the value of @ 
remains unchanged within the limits of ex- 
perimental error. The above result can 
presumably be explained by the fact that, 
together with the variation of E (or G), the 
constant a changes also, these changes being 
always in opposite directions: the greater 
the value of a, the smaller becomes the value 
of F. Consequently, a change of E or G does 
not in itself indicate a change of the inter- 
atomic bond forces. An increase or a de- 
crease of the moduli is only a sign of an 
increase or a decrease of the strength of an 
alloy for any reason whatever, and not 
necessarily because of a change of the bond 
forces, 

Alloying of iron with silicon, titanium, 
molybdenum or tungsten increases the bond 
forces because the characteristic temperature 
increases upon the introduction of these 
elements into the lattice of iron, The 
greatest increase (at equal concentrations in 
at.%) is given by tungsten, and the smallest 


* Measured after annealing at 840°C for 1% hr. 


by silicon [5]. Thus, an introduction of up 
to 6 per cent by weight of silicon with 
subsequent deformation and annealing at 600°C 
hardly affects the characteristic temperature 
of iron [5]. Nevertheless, as a result of 
cold plastic deformation (Figs. 1-5, Tables 1 
and 2), the strength of the iron-silicon 
alloy increases substantially. The strength 
of iron-titanium, iron-molybdenum and iron- 
tungsten alloys also increases in the process 
of plastic deformation (with no change of @) 
[3, 5, 6]. This increase in strength, with 
unchanged @, can only be due to a change in 
the submicroscopical structure of alloys. 
Thus, just as in the case of pure metals (cf, 
p. 1 and ref, [3]), the variation in the 
magnitude of internal friction and ie 
observed in the alloys investigated, is 
essentially connected not with a change in 

the strength of the interatomic bond (the 
effect of this consists in a slight overall] 
decrease of the magnitude of intemal 

friction in alloys), but with structural 
changes occurring in deformed alloys before 
and after annealing, as well as during 
heating, 

(c) Pure metals with different extents of 
prior deformation show, after annealing, 
different magnitudes of internal friction at 
high temperatures [2, 10-13]. For any one 
metal, this magnitude is found to be inversely 
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proportional to the grain size. As can be 
seen from Tables 1 and 2, the same relation 
applies to the high-temperature magnitude of 
internal friction of annealed iron-base 
alloys, However, in this case it is also 
necessary to take into account the amount 
and type of the dissolved element. In fact, 
as shown in Fig, 5, the magnitude of inter- 
nal friction in ferrous alloys at 840°C (for 
identical concentrations of the dissolved 
element) is less for an iron-titanium alloy 
than for an iron-silicon alloy, although the 
grain size in the alloys investigated was 
approximately the same, The high-temperature 
magnitude of internal friction in an iron- 
molybdenum alloy lies between these values. 
The same order of increase applies also to 
tensile strength (from 1.09 kg/mm? for Fe-Si 
to 1.96 kg/mm? for Fe-Ti), the square of 
frequency and the characteristic temperature 
[5]. All these data indicate that at 840°C 
the strength increases from iron-silicon 
alloys to iron-titanium alloys, while, 
conversely, the magnitude of interna] friction 
decreases with increasing strength of alloys, 
Thus the high-temperature magnitude of 
internal friction is an excellent indicator of 
variations in the strength of alloys at high 
temperatures, 


CONCLUSIONS 


(1) The maximum of internal] friction of a 
cold-worked alloy, which vanishes after high- 
temperature annealing, results not from the 
variation in the iron-lattice bond forces, due 
to alloying but from those structural changes 
which appear in consequence of deformation and 
subsequent heating of the alloy during the 
measurement of Q1(T). 

(2) The overall lowering of the level of 
internal friction in the iron-base alloys 
investigated is due, on the one hand, to a 


certain increase of the interatomic bond 
strength, and, on the other hand, (particu- 
larly after annealing) to structural 
changes, 

(3) The high-temperature level of interna] 
friction is directly connected with the high- 
temperature strength of alloys, 
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THE EFFECT OF THE OXIDIZING CONDITIONS ON THE 
KINETICS OF GROWTH OF AN ARSENICAL FERRITE FILM 
ON CARBON STEEL CONTAINING ARSENIC* 


I.I. CHAIKA 


N.S. Khrushchev Donets Industrial Institute 
(Received 4 July 1957) 


It was shown earlier by the author [1] that 
the surface film forming on arsenic-containing 
carbon steel during high-temperature oxidation 
is of a diffusion origin and consists of a 
solid solution of arsenic in ferrite. 

The investigation was made on three grades 
of steel, containing approximately the same 
amounts of carbon and other elements, but 
differing considerably as regards their 
arsenic contents (see Table). 

Oxidation was performed in an electric 
muffle furnace, in a room-air atmosphere. 
Duration of holding varied: from 0.5 to 6 hr 
at an oxidation temperature of 1100°C; from 
1 to 4 hr at 1000°C; and from 2 to 8 hr at 
950°C, 

After oxidation, transverse metallographic 
sections were prepared and the thickness of 
their surface layer was measured microscopi- 
cally with an accuracy to about 2.5 pw. It 
must be noted that the thickness of the layer 
did not as a rule remain strictly constant 
along the perimeter of the specimen. 

The measurements were made in places of the 
greatest layer thickness. The thickness of 
the layer was taken as the distance between 


the outer surface of the layer and its 
boundary with the basis metal. It should be 
recorded that the interface between the layer 
and the basis metal was very distinct, so 
that no difficulties were experienced in 
measuring the layer thickness, 

A micrograph of the layer formed on steel 
containing 0. 127% of arsenic, after 6 hr 
exposure at 1100°C, is shown in Fig. la. It 
‘can be seen from the photograph that the 
layer was homogeneous, but its structure has 
not been revealed, although the structure of 
the ferritic sublayer has come out quite 
clearly. The same characteristics of the 
layer were also observed with the other 
conditions of oxidation. In a few cases, 
microporosity occurred in the layer zone near 
the interface (Fig. 1b). 

A systematic study of the effect of the 
oxidation conditions on the layer. thickness 
was made on steels containing 0.127 and 
0.204% of arsenic. On the steel with an 
arsenic content of 0.313%, the layer thick- 
ness was only determined for one set of 
oxidation conditions, namely for an exposure 
of 6 hr at 1100°C. 


TABLE l. 


Composition of arsenic-containing carbon 
Steels used in the investigation (%) 


c Mn Si 


0.77 0.97 0.21 
0.78 0.91 0. 22 
0.73 0.78 0.22 


* Fiz. metal. metalloved. 17, No.3, 418-420, 1959. 
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0.020 0.022 0. 313 


Oxidizing conditions 


Fig. la-b. Microstructure of surface layer on 
arsenic-containing carbon steel after oxidizing 
annealing for 6 hr at 1100°C, x 80. Etched with 
5% HNO, solution, Initial arsenic contents: 

a - 0.127%; 6 — 0.204%. 


Fig. 2a and b show the kinetic curves of 
growth of the layer thickness as functions of 
temperature and duration of oxidation 
annealing. It can be seen from the diagrams 
that the thickness of the layer steadily 
increases with the length of exposure, the 
slope of the curves being the steeper, the 
higher the temperature of oxidation. It was 
found that the relation between the layer 
thickness and the length of exposure has a 
parabolic character, It must be noted that 
the arsenic concentration of the outer layer 
surface, after the first hour or two, 
remained practically constant during sub- 
sequent oxidation, and this in fact deter- 
mined the parabolic character of the 


oxidation curves, 


S 


re 
| 
1000°C 


950°C 


Exposure time (hr) 


9 


Layer thickness (1) 


~ 


S 


Layer thickness ( 


2 5 
Exposure time (hr) 


Fig. 2a-b, Kinetic curves of growth in thickness 
of arsenical-ferrite layer during oxidation of 
arsenic-containing carbon steel vs. temperature 
and length of exposure. Initial arsenic contents: 
a — 0.204%; 6 - 0.127%. 


Thus, as could be expected from the 
information on the mechanism of its formation 
[1], the arsenical ferrite layer grows 
according to the laws governing the growth of 
diffusion layers forming under conditions of 
surface saturation. 

Apart from this, on comparing Figs. 2a and 
b, it can be seen that the time dependence 
is affected by the initial arsenic content. 
This effect is quite noticeable (Fig. 3). 

The layer thickness is shown in the diagram 
as a function of the initial arsenic content 
in steel, after a 6 hr exposure at 1100°C, 
On varying the arsenic content from 0.127 to 
0.313%, the layer thickness increased from 
45 to 210 pw. 

Thus, the thickness of the arsenical 
ferrite layer is determined to some extent by 
each of the three factors: time, temperature 
and the initia] arsenic content. It may be 
that the oxidizing atmosphere istelf and the 
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Oxidizing conditions 


steel composition also exert an influence, 
but this problem has not been specifically 
studied hy us. 


a 
Ss & 


Layer thickness (pL) 


40 
or 02 03 
Initial As content 


in steel (%) 


Fig. 3. Effect of initial arsenic content in 
carbon steel on thickness of surface layer for 
& hr exposure at 1100°C. 


Depending on the oxidation conditions and 
the initial arsenic content, the layer 


thickness varies within fairly wide limits, 
Under the conditions of our investigation, 
for example, the thickness of the arsenical 
ferrite layer increased from 12 to 210 p, 
i.e, nearly 18 times, 


CONCLUSIONS 


The thickness of the arsenical ferrite 
layer grows in accordance with the laws 
governing the thickness of a diffusion layer 
under conditions of surface saturation, 
Another characteristic feature is observed in 
this case, however, namely that — other 
conditions being equal — the thickness of the 
arsenical ferrite layer depends also on the 
initial arsenic content in steel. 
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ON THE PLASTICITY AND FRACTURE OF QUENCHED STEEL 
IN A PLANE STATE OF STRESS* 
F.S. SAVITSKII and 0.P. BURMAKINA 
Sverdlovsk Branch of the All-Union Metallurgy Scientific Research Institute 
(Received 6 August 1957) 


The results of tests of quenched and lightly annea led U7 steel in a plane state 
of stress are described. By comparing the experimental data with the present day 
theoretical conceptions on the limiting states of plasticity and fracture the 
advantages of the IVth and the statistical theory of strength are explored. 


The testing of tube-shaped specimens on 
expansion or compression with the object of 
verifying the conditions of plasticity ina 
plane state of stress had earlier been done 
on plastic metals (low carbon steels in a 
normalized or annealed state; aluminium and 
magnesium alloys). The normal stresses had 
in these cases virtually no effect on the 
resistance to plastic deformation, hence the 
IlIrd and IVth theories of strength [1-6] 
yield satisfactory approximations to the 
experiment, For metals which resist differ- 
ently to expansion and compression the 
conditions of plasticity were verified from 
the results of tests for uneven compression 
[7] and in the region of states of stress 
between uniaxial] extension and pure shear 
[8]. 

In the present paper the results of tests 
made on quenched and lightly annealed U7 
steel in the region of states of stress from 
uniaxial expansion to uniaxial compression 
are given. Besides the lines limiting the 
plasticity, the lines limiting the fracture 
are given. The latter differ noticeably in 
character from the limiting lines obtained 
earlier for cast iron [9], gypsum, glass 
[10] and magnesium alloys [il]. 


EXPERIMENTAL METHOD 


The tests were made on thin walled, tubular 


* Fiz. metal, metalloved., 7, No.3, 421-425, 1959. 


specimens of U7 steel . The finished specimens 
were quenched from 800°C through oil in water and 
then annealed at 350°C. The heat treated 
specimens were polished. The hardness of the 
quenched and annealed working parts of the 
specimens was Hp},. = 45-48. 

The forms and dimensions of the specimens are 
shown in Fig. 1. The length of the specimens 
(1) = 50 mm) made it possible to set up tenso- 
meters to measure the deformations and ensured 
stability of form of the specimens up to a 
certain mutual relation of the main stresses. 

The external diameter of the specimens was 
measured with a lever micrometer. The wall 
thickness was measured with an indicator which 
was mounted on a special appliance [5]. The wall 
thickness was measured at four points of the 
circumference along the whole length of the 
cylindrical part of the specimen. The wall thick- 
ness was between 0.98 and 1.045 mm, the relation 
of the inner radius to the wall thickness between 
9.7 and 10.8. The absence of ellipticity was 
checked with an indicator micrometer. 

The testing of the specimens was done in a 
specially made appliance (Fig. 2). A plane state 
of stress was achieved by combining internal 
hydrostatic pressure with axial compressing 
stress. The internal pressure was produced by a 
hydraulic press with a pressure limit of 5000 
kg/cm. The external axial load was applied by a 
universal testing machine. 

The relation between the normal stresses 


=, ms kept constant throughout the experi- 


ment, Here ©, is the main normal stress in the 


95 | 
7 
1959 | 


Quenched steel in a plane state of stress 


axial direction, 0 gp the main normal stress in the 
tangential direction. We disregarded the radial 
stress o. in the walls of the specimen. 

For different tests k was varied from 0 to 00 
(from pure circumference expansion to pure axial 
compression). In testing each specimen, the axial 
load, the internal pressure, the longitudinal and 
crosswise deformation of the specimen were 
measured. The latter were measured with a mecha- 
nical tensometer [6]. 

The relative axial €, and tangential €9 of the 
deformation of the specimen were calculated from 
the formulae [6]: 


C,+C, 

where C, and C, are the numbers of the divisions 
read on the micron indicator of the tensometer 
measuring the axial deformation of the specimen; 
b the tensometer base (b = 40 mm); C, the number 
of divisions read on the tensometer indicator 
measuring the change in the diameter of the 
specimen; D the external diameter of the 
specimen. The radial deformation was determined 
from the condition of constancy of the deformed 
volume. 

The stresses were calculated from the formulae: 


(1) 


p(d+c;) P 


where p is the internal pressure; d the internal 
diameter of the specimen; 5 the thickness of the 
wall; P the axial load; F the initial area of 
the cross-section of the specimen. The curves of 
deformation = for different values of the 
principle stresses are given in Fig. 3, where 


= V (9 3,)? + (3, —- 32)? + (8, —%)?, (3) 


Vo 


V + €2)® + (ez — (4) 


As can be seen from Fig. 3, the deformation 
curves depend on the nature of the state of 
stress. From the curves 9; the yield 
strength O.. is determined as the ordinate 
which corresponds to 0.173% of the residual de- 
formation. 


- 


20-1 


Form and dimensions of specimen. 


Fig. 1. 


Appliance for testing specimens: 

1,2, Upper and lower grip; 3, nut; 4,carbine; 

5, high pressure tubes; 6,rod; 7, screw; 8, bolt; 
9, protecting sleeve; 11, window; 12,removable 
bush; 13, 14, washers (lead and copper); 

15 washers; 16, 17, ring. 


200 

180 + 

160 — / 


Fig. 2. 


140 


2 
Fig. 3. Deformation curves in the co-ordinates: 
stress intensity and amount of deformation. 
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Fig. 4. Limiting lines ofplasticity and 
experimental results. 


CONDITIONS OF PLASTICITY 


The values for the yield strength O.. for 
different values of k are shown in Fig. 4. 
Along the abscissae the yield strengths in 
the tangential] direction 09. along the 
ordinates the yield strength in the axial 
direction Oos° Experimental points are 
indicated by triangles. Every point repre- 
sents the result of one experiment. By a 
continuous and a dotted line the limiting 
lines of plasticity are shown, which were 
calculated from the equations: 


-C = 152 kg/mn?; 


161.38 kg/mm; C, = 0.185. The yield 
strengths for expansion and compression are 
R,, = 152 kg/mm? and = -172 kg/mm? 
respectively. The curve shown as a dot-dash 
line is constructed from the equation [12]: 
(9 - + + (9, -9%)* + 
(6) 
+ +3,+3,)? a(% +9,+3,) </. 


The constants m = 0.204, n = 44.08 kg/mm? 
and l 57,624 kg2/mm* were determined from 
the results of tests with uni-axial 
extension, uni-axial compression and pure 
shear (R,, = 98 kg/mm’), 

The limiting line of plasticity, according 
to the statistical theory, is calculated 
from the formula [13] 


g 


(77) 


kg 
Cz = — 1,08; Cy = 1.05% 108 —, ; 
mm 


G the shear modulus K the modulus of volume 
expansion. 

The limiting lines of plasticity calculated 
with formulae (6) and (7) coincide and only 
insignificantly deviate from the lines con- 
structed according to equation (5%) in which 
only the linear dependence of the resistance 
to plastic deformation on the mean stress o 
is taken into account (see Fig. 4). The 
experimental points are well distributed 
along these curves. Thus, as Fig. 4 shows, 
the effect of the mean stress must be taken 
into account. 


CONDITIONS OF FRACTURE 


The limit of stress at which the specimens 
fractured is graphically represented in 
Fig. 5. Experimental points are indicated by 
circles. Continuous lines show the curves 
which correspond to the Ist, IInd and IIIrd 
theories of strength respectively. The 
limiting curves 4 and 4’ are constructed from 
equations (5) and (5’) where C = 170 kg/mm, 
C, = 177.18 kg/mm?, C, = -0.042. Curve 5 is 
constructed from equation (6). In this case 
the coefficients are: m= 0.308, n = 34,62 
kg/mm?, | = 72,600 kg?/mm*, The limiting 
line of fracture is according to the statis- 
tical theory of strength calculated from the 
formula [14] 


Thé constants ©, = 2450 kg/mn?, C, = 434 x 

10" kg/mm? are determined from experimental 
data with uniaxial extension and uniaxial 
compression (R, = 170 kg/mm2, R, = 185 kg/mm), 
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Quenched steel in a plane state of stress 


20 40 60 80 100 120 140 160 180 9, 


Fig. 5. Limiting lines of fracture and experi- 
mental results. 


The limiting lines of fracture calculated 
from formula (6) and (8) virtually coincide, 
Fig. 5 shows that the fracture of U7 steel] in 
a plane state of stress does not agree with 
the Ist, IInd and IIIrd theories of strength. 
The resistance to fracture increases with 
increased compressive stresses, which does 
not correspond to the IVth theory of strength. 
The conditions of strength (6) and (8) agree 
better with the experimental data. For values 
of |k] <1 the deviations of the experi- 
mental points from the theoretical curve (5) 
do not exceed 6%, for k >1 they do not exceed 


4%. 


NATURE OF THE FRACTURE OF THE SPECIMENS 


The nature of the fractures of certain 
specimens is show in Fig. 6. With pure cir- 
cumference expansion the fracture of the 
specimens was accompanied by the appearance of 
longitudinal cracks in the working part of the 
specimen; the edges of the cracks were 
lacerated. With increasing axial stress the 
length of the cracks diminishes and their 
edges become smooth. At k >1 the specimens 
fractured, forming a noticeable plastic pro- 
trusion (frill), and the fracture often had 
the form of a crack under an angle of 45° to 
the axis of the specimen. With uniaxial com- 
pression the specimens fractured with the 
appearance of longitudinal cracks over the 
entire surface of the “frill”. 


= 


Fig. G. Aspect of fractured specimens. 


CONCLUSIONS 


1, The deformation curves = € ;) 
constructed for quenched and lightly annealed 
U7 steel in the interval of change of a,/a 
from 0 to wo depend on the nature of the state 
of stress. 

2. The onset of plasticity and fracture are 
in best agreement with the conditions of 
strength derived by Iagn and and the statis- 
tical conditions of plasticity and strength. 
The statistical] theory and the conditions of 
strength derived hy Iagn virtually coincide 
in the quadrant studied. 


Translated by B, Ruhemann 
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ON THE MECHANISM OF RECRYSTALLIZATION OF TECHNICAL 
AFTER LOW DEGREES OF DEFORMAT!ON* 
S.S. GORELIK and G.I. GRANIK 


Moscow Steel Institute 
(Received 1 April 1957) 


The mechanism of recrystallization after 
low (critical) degrees of deformation has 
not yet been fully cleared up. First of 
all, the basic question has not been finally 
solved: is the usually large grained 
structure formed through the formation of 
nuclei of new grains in a small number of 
centres or through cumulative recrystalli- 
zation of the original grains? 

Recently, the second view has found 
increasingly wide acceptance [1, 2], mt 
there is no single view on the causes for 
this cumulative recrystallization, while 
certain propositions [1] are made on insuf- 
ficient grounds. 

The preset investigation is a continuation 
of paper [2] in which by means of the methods 
of vacuum metallography and direct observa- 
tion it was established that in the case of 
armco iron recrystallization after critical 
deformation of the metal proceeds in two 
ways: coalescence (merging) of the initial 
grains and frontal shift of the boundaries of 
certain of the original grains. The emergence 
of nuclei of new grains was not observed in 
this case. 

The present work had the object of 
verifying the nature of the recrystallization 
after critica] and more than critical] defor- 
mation of the metal and of obtaining certain 
information which could explain the existence 
of a critical] degree of deformation, by means 
of X-ray analysis and quantitative metallo- 
graphy (statistics). 

To clear up these questions is very impor- 
tant not only from the theoretical side but 
also practically, both to obtain a large 
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grained structure and in cases where one must 
avoid such a structure, or particularly a 
structure with varying grain sizes, 

Technically pure iron was used for the investi- 
gation. The carbon content was 0.025 per cent, 
the total of all impurities 0.3467 per cent. The 
specimens had the form of cylinders with d = 11 
mm, h = 10 + 0.01 mm. This accuracy of the 
dimension of the height was achieved by polishing 
the flat surfaces of the specimens. The 
specimens were pressed in a hydraulic press to a 
degree of deformation of 1-10 per cent by steps 
of 0.5 per cent and to 20 per cent at a rate of 
deformation of 1.7% sec. The scattering of the 
degree of deformation did not exceed + 0.1 per 
cent. 

In the initial state (after annealing) the 
specimens had equal grain size, D = 60m. 

For the recrystallization annealing a tempera- 
ture of 800° and a duration of 30 min were 
chosen, The heating of the specimens to this 
temperature after deformation was done at great 
speed (200°/sec) with high frequency currents. 
This made it possible to fix the structure on 
heating, beginning with very short durations of 
holding (2-3 sec). The temperature was control- 
led with a photoelectric pyrometer. The regi- 
stration of the heating curve was made with a 
loop oscillograph. 

For the given rate and temperature of heating 
and original grain size the critical degree of 
deformation CA,,) was found. It proved to be 
4.5% (Fig.1, curve l). 

To investigate the changes in the mean grain 
size with time at the annealing temperature 
of 800°, specimens pressed to 4.5, 10 and 20 
per cent were heated to 800° and held at this 
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temperature for times varying from 2 sec! to 30 
min’. 

Wher annealing was completed the specimens were 
cooled in air and cut to half the height perpen- 
dicularly to the cylinder axis. The calculation 
of the average grain size and the study of the 
structure were made in the centre part of the 
surface of the cut. The average grain diameter 
D.. was calculated with Saltykov’s secant method 
{3] from the formula 


where m is the number of grain boundaries cut by 
an arbitrarily chosen straight line (the secant) 
of 1 mm length. 
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Fig. 1. Dependence of the average grain size on 
of iron after annealing at 800° for 30 min on the 
degree of the preceding deformation: 1, heating 
with high frequency current; 2, heating in a 
furnace. 


Not less than 200 grains were used to calculate 
the value of Day: Three specimens were used for 
each point. From the data of these measurements 
the curves for the average grain size as a function 
of the annealing time T were constructed (Fig. 2). 
Besides, the histograms of the distribution of the 
grains by size were constructed (Fig. 3). 


1. By a special check it was established that 
thorough heating of the specimen with high 
frequency currents occurred after 4 sec. 
Heating and holding up to 2 min was done 
directly in the inductor. In case of longer 
holding times the specimens were heated for 
2 min in the inductor and then transferred to 
a nearby furnace which had been heated to 800°. 
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Fig. 2,a Dependence of the average grain size a 
on the duration of annealing at 800°. Degree of 
deformation (%): 1, 4.5; 2, 10; 3, 20. 
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Fig. 2,6 Dependence of the average grain size Div 
on the duration of annealing at 800°. Degree of 
deformation (%): 1, 4.5; 2, 10; 3, 20. 


The course of the curves in Fig.2,a and 6 
confims? the conclusion that recrystal]iza- 
tion after critical deformation or 
per cent) proceeds without the formation of 
nuclei of new grains directly by the cumula- 
tive recrystallization of the original grains. 
Only thus can the uninterrupted increase of 
mn with time be interpreted. In the opposite 
case, even if only a small number of new 
grains were being formed, a should tempo- 
rarily decrease with time and a break should 
occur in the curve Diy =~ f(T), as in the 
case of the curve for A= 10 per cent. 

In the case of deformations of 10 per cent 
(more than critical) the basic process in the 
initial stages, up to annealing times of 1-2 
min, as shown metallographically, is also 
cumulative recrystallization which occurs at 
a faster rate than after critical deformation. 
Then, however, the average grain size begins 


3. Fig. 2,6 shows the left part of the curves of 
Fig. 2,a on a largerscale, i.e. the course of 
the change in grain size for short annealing times, 
of from 2 sec to 2 min. 
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to diminish, since by that time nuclei of new 
recrystallized grains have managed to grow 
and become visible. 

Thus, the final structure is the result of 
two concurrent processes: cumulative re- 
crystallization of the original grains and 
the recrystallization of newly formed nuclei 
(we do not here consider the mechanism of 
nuclei formation). 

Still greater degrees of deformation, up to 
20 per cent, lead to recrystallization 
assuming the usual] nature of recrystalliztion 
under treatment. The rate of the formation 
and growth of the nuclei of the new grains is 
in this case already so great that they 
become different after annealing for a few 
(3-5) sec. 

Thus, with short annealing times (up to 3-5 
min) the structure formed in technical] iron 
deformed to a degree somewhat higher than the 
critical is unstable. 

The cumulative nature of the recrystalliza- 
tion after deformation by ) es is confirmed 
by an analysis of the histogram. In the 
original state the distribution of the grains 
by size is of a normal description (Fig. 3,a). 
After heating for 10 sec and 2 min (Fig. 3,6 
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and 3c) there occurs a change. The frequency 
of grains of small size remains practically 
unaltered (or alters very Jittle), but grains 
of large size, considerably exceeding the 
maximum dimensions of the grains in the 
original state, appear in constantly in- 
creasing quantity. 

In the case of more than critical deforma- 
tion the histogram after short-time anneal - 
ing is of a different nature. Side by side 
with the increasing number of large grains in 
the first moments of annealing (Fig.3d,‘T = 
10 sec), the number of the smallest visible 
grains noticeably increases subsequently 
(T = 60 sec); (Fig. 3,e). Still greater 
increase in the annealing time leads to the 
number both of the smallest and the largest 
grains beginning to diminish, the number of 
average sized grains growing and the distri- 
bution once more assuming a norma] nature. 

All this data confirms the view that after 
Russ the recrystallization is of a cumulative 
nature. When the degree of deformation is 
raised above A, the mechanism of the 
formation of nuclei comes into play side by 
side with the cumulative mechanism, and that 
the more strongly the greater A. 
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Fig. 3. 
a, Initial state, Dy 


b, 4.5% deformation plus annealing: 
c, 4.5% deformation plus annealing: 
d, 10% deformation plus annealing: 
e, 10% deformation plus annealing: 


Grain distribution by size: 


800°, 10 sec; 85: 
800°, 2 min; 115; 
800°, 10 sec; 74; 
800°, 1 min; 113. 
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From the analysis of the data obtained the 
important conclusion may be drawn that the 
recrystallized grains which are the result of 
nuclei formation are more stable and grow at 
the expense of the large grains formed in the 
early stages of annealing by the cumulative 
process, 

What causes the cumulative recrystalliza- 
tion at Ress why does it occur at a definite 
value of the deformation? What goes on in 
the metal when it is deformed byA< ae and 
during subsequent annealing? The answer to 
these questions should help to explain the 
existence of the critical degree of deforma- 
tion itself, 

Ia.R. Rauzin and A.R. Zhelezniakova [1] 
express the opinion that menACA_, a 
“shifting (tuming) of the individual] grains 
in relation to one another” occurs “without 
visible deformation inside the grain”, In 
their view the critical degree of deformation 
is “a degree of shifting (turning) of whole 
grains which is most favourable to their 
merging”, 

To verify this suggestion and answer the 
questions raised above an X-ray analysis was 
made in the present work, The X-ray photo- 
graphs were taken with radiation of the Fe K 
series on a flat film in a KROS camera, 
Specimens were photographed after deformation 
of from 0 to 10 per cent and after subsequent 
annealing at 800°. 

Some of the X-ray photographs are repro-— 
duced in Fig,4, Analysis of the X-ray photo- 
graphs shows that at least in the case of 
iron even the smallest deformations, consi- 
derably smaller than Rags are not accompanied 
by a turning of the grains relative to each 
other, but hy shifting processes inside the 
grains (the formation of slip parcels), a 
turing a bending of parts of the grains (the 
slip parcels). Only thus can one explain that 
sharp reflections in the X-ray photograph of 
the original specimen (Fig.4,a) become blurred 
into small arcs along the rings of the 
X-ray photograph and partly blurred in the 
radial direction already with 1 per cent de- 
formation (Fig.4,6). When A is further in- 
creased, the blurring of the spots constantly 
increases. 


At A = 10 per cent they merge into 


a solid ring, But the Kg doublet is still 
preserved (Fig. 4,d). This shows that the 
bending of the atomic planes (the slip par- 
cels) when they turn is still not very 
great, 

The heating of specimens pressed by A<A 
without changing their microstructure has a. 
noticeable effect of the X-ray picture. Ref- 


Fig. 4. Changes in the nature of the X-ray inter- 
ferences of iron in the process of deformation and 
subsequent annealing: 

a, Initial state; 6, c, d. deformation 1, 4 and 
10%; d, e, f. annealing with heating by high 
frequency currents after deformation by 2, 4 and 
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Fig. 5. Changes in the intensity of the X-ray 
interferences along the ring of the X-ray photo- 
graph (photometric curves): 
1, 4% deformation; 2, 4% deformation plus 
annealing: 800°, 30 min. 
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lections blurred along the rings on deforma- 
tion split up after annealing into small, 
relatively sharp point like spots (Fig. 4e). 
The difference in the nature of these reflec- 
tions can be seen with the eye, but is still 
more markedly seen when the rings of the 
X-ray photographs are photometrically 
examined along the circumference, The aspect 
of these photometer curves immediately after 
deformation and subsequent annealing is shown 
in Fig. 5. 

This splitting of the blurred reflections 
is similar to the splitting of radially exten- 
ded asterism spots observed by S,T. Konobeyev- 
skii and I.I. Mirer [4] on heating deformed 
single crystals of rock-salt. They can be 
interpreted only as the result of polygoniza- 
tion (or second-order turns) which occur 
during annealing. According to present day 


views, a plastic shift of the macroblocs 
relative to each other occurs in the elas- 
tically bent slip parcels along planes per- 
pendicular to the slip planes [5]. 

As a result of polygonization the degree 
of defectiveness of the lattice both inside 
and at the boundaries of the crystallites and 


macroblocs decreases considerably. The con- 
ditions for recrystallization deteriorate. 
That polygonization increases the stability 
of a structure and its resistance to subse- 
quent recrystallization was also long ago 
shown in paper [6]. 

At small deformations the rate of poly- 
gonization is evidently very high and manages 
to take place before recrystallization. With 
increasing A the lattice defects become more 
resistant to polygonization (turning) and the 
latter does not manage to take place on rapid 
heating. Conditions for recrystallization 
are created, After deformation by 4.5 per 
cent and subsequent heating a smal] number of 
point-like reflections appear in the X-ray 
photograph, which are much smaller than in 
the original state before deformation. 1] 
traces of deformation disappear, That -., 
the X-ray picture fully agrees with the metal- 
lographic picture of the recrystallization 
during which very large grains are formed. 

It is natural to suppose that hy altering 
the rate of heating one can create conditions 


for the more or less complete process of 
polygonization and thereby to shift the 
critical degree of deformation to one side 
or the other, 

This supposition was confirmed by the 
following experiment. On a series of speci- 
mens of the same sme]ting and with the same 
initial grain size the critical degree of 
deformation was determined in conditions of 
slow heating in a furnace at a rate of 50- 
60°/min, instead of 200°/sec when heated 
with high frequency currents. In this case 
(Fig.1, curve 2) A-, Proved to be shifted 
to higher degrees of deformation by 1 per 
cent, i.e. it proved to be 5.5 per cent 
instead of 4.5 per cent on heating with high 
frequency currents (with the indicated 
accuracy of the determination of the degree of 
deformation this result is undoubtedly 
reliable and many times greater than the 
experimental error), 

Correspondingly, a very clear picture of 7 
polygonization was obtained on the X-ray 
photographs of specimens heated in the fur- 
nace and previously deformed by 4.5 per cent, 
while the X-ray photographs of specimens com- 
pressed hy 5.5 per cent showed a clear pic- 
ture of recrystallization with formation of a 
very large grain. This effect could not have 
occurred if the existence of a critical 
degree of deformation were caused only by the 
crystallites being given a similar crystal- 
lographic orientation, 

It may be suggested that one of the factors 
causing the presence of a critical degree of 
deformation is the inhomogeneous nature of 
the deformations of the original grains on 
small compressions, the presence of a certain 
gradient of the defects in mixed grains. As 
was shown in paper [7], the least distorted 
grains would then have the opportunity to 
grow at the expense of the more distorted 
grains. If among the latter polygonization 
manages to occur, the difference in the energy 
(elastic and surface) of the defective and 
non-defective grains becomes so smal] that 
at the given temperature it is insufficient 
to stimulate cumulative _recrystalliza- 
tion, 
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CONCLUSIONS 


1, The annealing of technical iron deformed 
to a pre-critical degree is accompanied by 
polygonization; annealing above the critical 
degree of deformation Cap? by cumulative 
recrystallization of the original grains 
without the formation of nuclei. 

Recrystallization after deformation to a 
higher than critical degree proceeds in two 
ways, both cumulative and with nuclei forma- 
tion. The greater the degree of deformation, 
the greater the role of nuclei formation, 

Grains which emerge as a result of nuclei 
formation are more stable than grains formed 
in the cumulative process and grow at the 
expense of the latter, 

2. The position of A cr depends on the rate 
of heating and shifts to the side of smaller 
deformations when that rate is increased. 

3. In technical iron deformation at room 
temperature to less than the critical degree 
is accompanied by shifting processes in the 
interior of the crystallites, not ty their 
turing relative to one another. 


4. The suggestion is made that the exis- 


tence of A ap is caused by the inhomogeneous 
nature of the deformation of individual 
grains and that the position of A cr depends 


on the relation between the rate of polygoniza- 
tion (turning) and of recrystallization at 
the given annealing temperature and rate of 
heating, 


Translated by B, Ruhemann 
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KINETICS OF DEHARDENING OF CHROMIUM-NICKEL ALLOYS* 


M.P. ARBUZOV and M.P. KRULIKOVSKAYA 
Institute of the Civil Air Fleet 
(Received 18 June 1957) 


In this paper the kinetics of dehardening chromium-nickel alloys subjected to 
cold plastic deformation is investigated. Curves for the changes in the second- 
order lattice defects Aa/a, the dimensions of the mosaic blocks D and the hard- 
ness as functions of heating time are obtained at various temperatures. The 
kinetic curves of dehardening at various temperatures are compared with those of 


the chromium content in the alloys. 


The activation energy for the process of 


the removal of the second-order defects is calculated. 


In paper [1] an investigation was made of 
the crystal microstructure and the mechanical 
properties (hardness) of chromium-nickel 
alloys in the hardened state obtained by de- 
formation and in the process of dehardeing 
on heating. It was shown that the presence 
of chromium in nickel facilitates the harden- 
ing of the alloy on deformation and the 
preservation of the hardened state to higher 
temperatures of heating. The hardened state 
of the investigated alloys was characterized 
by high values for the second-order lattice 
defects \a/a and small mosaic block size. 

The dehardening (loss of hardness) of alloys 
on heating is accompanied by a reduction in 
the lattice defects AAa/a and a growth of the 
mosaic blocks. The nature of the change in 
the hardness as a function of the temperature 
of heating is similar to the nature of the 
removal of the second-order lattice defects, 

It was part of the present work to study 
the kinetics of the removal of the defects 
Z\a/a, the growth of the blocks D and the 
changes in the hardness Hr, of the hardened 
alloys at various temperatures of heating. 

The study of the kinetics of the removal of 
the defects /\ a/a and the growth of the 
blocks on isothermal heating was, as in the 
case of the study of the temperature depen- 
dence of the changes of these quantities [1], 
done from the width of the lines in the 
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X-ray photographs obtained from specimens of 
the investigated alloys. The hardness was 
determined in a Rockwell press with a 
diamond cone under a load of 60 kg. 
Chromium-nickel alloys with chromium con- 
centrations of 3.87, 7.65 and 14.43 per cent, 
hardened by means of uniaxial compression in 
the press were used for the investigation. 
Before deformation al] the specimens were 
heated at a temperature of 1200° for 2 hr. 
The dehardening of the first two alloys 
was done at temperatures of 550, 600 and 
650°C, The third alloy (14.43% Chromium) 
was dehardened at temperatures of 550, 600, 
€50 and 700°C. The time of holding at these 
temperatures is shown in Figs. 1, 2 and 3. 
The X-ray photographs of alloy specimens, 
both before and after dehardening, were 
obtained with copper Kg radiation in a 
camera with a drum diameter of 150 mm. The 
specimens were rotated during the exposition, 
The calculation of the lattice defects 
4a/a and of the block size was done from the 
width of the lines (111) and (331). The 
width of these lines was determined as the 
quotient of the area of the photometric curve 
of the line by the height of the maximum, 
To find the true diffraction widths of Bit 
and B45, lines a correction was made to the 
width of these lines as determined from the 
X-ray photograph for the Kg doublet and the 
geometry of the photograph [2, 3]. 
The diffraction width of the lines B,,, 


and B 334 were in our case conditioned by two 
factors: the lattice defects AAa/a and the 
disperseness of the blocks, The separation 
of these effects was done by the method des- 
cribed in papers [4, 5]. 

The dimensions of the mosaic blocks were 
calculated with the formula 

my, COS 

and the second-order lattice defects with the 
formula 


where , and @, are the angles of reflection 
from plane (111) and (331) respectively; ms 
the broadening of line (111) caused by the 
smal] block size; n, the broadening of line 
(331) caused by the lattice defects Aa/a. 


EXPERIMENTAL RESULTS 


Fig.1. shows the kinetic curves of the lattice 
defects /\a/a for the alloy containing 3.87% 
chromium for dehardening temperatures of 550, 
600 and 650°C. The figure shows that at a 
temperature of 550°C the removal of the de- 
fects proceeds very slowly. During a holding 
time of 60 min the defects A a/a were only 
reduced by 0.5 x 1072 (from 1.5 x 107> to 1.0 
x 10°72), At a higher temperature (600°C) the 
removal of the defects at first proceeds 
rapidly, and after 30 min a value for Aa/a 
of 0.5-0.6 x 10°? is reached. On further 
increasing the time of holding at this tem- 
perature the lattice defects change little. 
After an hour’s holding they retain a value 
of 0.4 x 1072, At a temperature of 650°C the 
removal of the defects A a/a proceeds stil] 
more rapidly, At this temperature virtually 
complete removal of the defects A\a/a is 
attained after only 30 min holding. 

If one now discusses the process of the 
removal of the defects A a/a at the same 
temperatures in the alloy containing 7.65% 
chromium (Fig.2), one finds that in this 
alloy at a temperature of 550°C the defects 
virtually do not change even in 2 hr holding, 
At temperatures of 600 and 650°C the lattice 
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defects L\a/a diminish in the course of 
time, however, while the rate of the removal 
of the defects is much higher at a tempera- 
ture of €50°C than the rate of the diminution 
of Aa/a at a temperature of 600°C. Thus, 
for example, at a temperature of 600°C and 
holding for 40 min A a/a changes from 1.5 x 
1073 to 0.9 x 1073, while at a temperature of 
650°C during the same time the defects 


decrease from 1.5 x 1073 to 0.2 x 1073, that 
is, they are virtually removed, 
Aa 


70 


60 


50 


40 


J 6 


70. JO 50 60 
¢, min. 


50 


Fig. 1. Kinetic curves of the lattice defects: 
1, 550; 2, 800; 3, 650; 4, 550; 5, 600; 
6, 650°C. 


As far as the alloy containing 14. 43% 
chromium is concerned, the X-ray photographs 
obtained from them showed that for this 
alloy the width of the line does not alter 
at temperatures of 550 and 600°C during the 
same holding times, This means that at 
these temperatures and holding times no 
changes occur in the lattice defects A a/a, 
Removal of the lattice defects in this alloy 
is observed only at heating temperatures 
beginning with 650°C, as Fig.3 shows, At a 
temperature of 650°C the change in the 
lattice defects /A\a/a with time occurs 
relatively slowly, They stil] remain con- 
siderable after holding for 60 min. Ata 
temperature of 700°C the removal of the 
defects in this alloy proceeds very rapidly. 
Already in the course of 8 min the quantity 
A a/a is reduced from 1.6 x 1073 to 0.4 x 
10-3, and after 35-40 min holding they 
become nearly zero, 

Besides the isothermal curves for the 
removal of the second order lattice stresses, 
Figs. 1, 2 and 3 show the isothermal curves 
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for the changes in the hardness of all the 
alloys for the same temperatures. From these 
figures it can be seen that the change in the 
hardness during the isothermal process follows 
qualitatively the same law as the changes in 
the size of the second-order defects. Quan- 
titatively, these two processes are different 
in as much as at all investigated temperatures 
the removal of the defects /\a/a proceeds a 
little more rapidly than the drop in the hard- 
ness at the same temperatures. 


Aa ip 


— 


12 


08 


¢, min. 
Fig. 2. Kimetic curves of the lattice defects: 
1, 550; 2, 600; 3, 650; 4, 550; 5, 600; 
6, 650°C. 


40 


508, min’ 


Fig. 3. Kinetic curves of the lattice defects: 
1, 650; 2, 700; 3, 650; 4, 700°C. 


There is a similarity between the kinetics of 
the change in hardness and the growth of the 
mosaic blocks on isothermal heating of hardened 
alloys. This is clearly seen from a comparison 
of the isothermal curves of the drop in hard- 
ness and of the growth of the mosaic blocks 
(Figs. 4, 5). As Figs. 4 and 5 show, the drop 


in the hardness of the alloys is at all tempera- 


tures of isothermal] heating accompanied hy a 


growth of the blocks. One must emphasize that 
the holding times during which a relatively 
high rate of the drop in hardness is observed 
agrees reasonably well] in duration with the 
holding times during which a rapid growth of 
the blocks occurs. This regularity is par- 
ticularly clearly observed in the alloy con- 
taining 14.43% chromium. 

The results of the present investigation and 
also the data of paper [1] indicate conclusively 
that the processes of hardening and dehardening 
of a solid solution are connected with changes 
in the microstructure of the crystals. 

Let us consider the kinetic curves for the 
removal of the second-order lattice defects at 
one and the same temperature for alloys with 
different chromium contents, such graphs are 
shown in Figs. 1, 2 and 3. 

By comparing the figures it may beseen that at 
all dehardening temperatures the kinetic curves 
which correspond to a greater chromium content 
in the nickel are situated above the kinetic 
curves for alloys with lower chromium content. 
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Fig. 4. Dependence of the block size on the 
holding time on isothermal heating: 1, 550; 
2, 600; 3, 650; 4, 550; 5, 600; 6, 650°C. 
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Fig. 5. Dependence of the block size on the 
holding time on isothermal heating: 1, 550; 
2, 700; 3, 650; 4, 700°C. 


Like the data of paper [1], these results 
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indicate that with increased chromium content 
in the nickel the dehardening of the alloy is 
slowed down. Thus, for example at a tempera- 
ture of 650°C the lattice defects are removed 
almost completely in an alloy containing 
3.87% chromium after 35 min holding. For an 
alloy containing 14.43% chromium on the same 
heating the lattice defects A a/a retain a 
value approximately equal to 0.8 x 1073. 

This alloy retains the hardened state even 
after an hour’ s holding. 


6 8 1 
Cr content % 


Fig. 6. Dependence of A a/a on the chromium 
content in nickel: 1, 5; 2, 10; 3, 20; 4, 30 
min. 


Fig. 6 shows the dependence of Z\ a/a on 
the chromium content in the nickel which is 
preserved in the alloy after heating at 
650°C with various holding times. The 
figure shows that the size of the second- 
order lattice defects in alloys subjected 
to dehardening at the given temperature 
increases linearly with the increase in 
the chromium content in the nickel. It is 
evident that the degree of dehardening will 
also decrease in linear relation to the 
increase in the carbon content. This 
result is interesting because it makes it 
possible to determine the amount of de- 
hardening on isothermal heating for alloys 
with intermediate values of the chromium 
concent ration. 

Starting from the kinetic curves (Figs. 
1, 2, 3) one can calculate the activation 
energy Ey of the process of the removal of 
the lattice defects A a/a, vt 

For the calculation of the activation 
energy we assumed that the time of heating 
7 necessary for the reduction of the 


defects G a/a to a certain value depended 
on the temperature of heating changes in 
accordance with the relation 


Ea 


t=Ae 


where k is the Boltzmann constant, TJ the 
absolute temperature. 

If for the temperatures T,, 
the corresponding holding times are ex- 
pressed by 7,, To Tz» +++ One Can write 


Int, 
l 


T 


(1) 


R 
n—1 


It follows from equation (1) that if one 
marks off /T,, V/T,,, 1/T_, on the abscissae 
and on the ordinates the lapetsthiee of 
then the points corres- 
ponding to these co-ordinates should be 
found on a straight line, consequently, the 
accepted law for the change in +t with 
temperature is linear. The tangent of angle 
of inclination of the straight line will be 
equal to the activation emergy 


xR tana, (2) 


~04 


Fig. 7. Dependence of IntTon 1/T. 


Fig. 7 gives the dependence of InTon 
1/T found on the basis of the kinetic curves 
(Fig. 1) for the alloy with 3.87% chromium. 

To construct this curve the times of heating 
T To were chosen during which the 
lattice defects reached a value of 1.0 x 1073 
at the temperatures 923, 873 and 823°K 
respectively. 

As Fig. 7 shows, all three points fall well 
on one straight line which indicates that the 


accepted law for the change of 7 with 
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temperature is linear. 

The activation energy of the process of 
removal of the second-order defects for the 
alloy with 3.87% chromium was calculated from 
the tangent of the angle of inclination of 
the straight line (Fig.7) and proved to be 
65,000 cal/mol. 

To determine the activation energy of the 
process of the removal of the lattice 
defects Z\a/a for the alloys containing 7.65 
and 14.49% chromium only two kinetic curves 
could have been used in each case correspond- 
ing to the temperatures 600, 650°C (see Fig, 2) 
and 650, 700°C (see Fig. 3). Therefore 
in these two cases the activation energy was 
determined directly from equation (1) from 
the values of T, and T. found from the 
kinetic curves of these alloys for the hori- 
zontal sections corresponding to the defects 
A a/a; 1,1 x 1073, 1.0 x 1077, 0.9 x 1073 
and 0.8 x 10°53, This method of calculation 
can be justified by the fact that the activa- 
tion energy calculated with the aid of 
equation (1) from the two pairs of curves 
at 500-600 and 550-650°C for the horizontal 
section 1.0 x 1073 proved equal to 69,000 and 
66,000 cal/mol respectively. The average of 
these two values agrees well with the value 
of the activation energy of the process ob- 
tained from the graph in 7 = f(1/7) for the 
same alloy. 

The values for the activation energy of the 
process of the removal of the defects L\a/a 
in the alloys with 7.65 and 14.43% chromium 
calculated from equation (1) for horizontal 
sections corresponding to defects 1.1 x 1073, 
1.0 x 1073, 0.9 x 10° and 0.8 x 107? are 
given in the table. As the table shows, the 
average value for the activation energy for 
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TABLE I 


Values of the activation energy of the process 


of the removal of defects calculated 
from equation (1) 


a (cal/mol) 

iced 7.65% Cr 14.43% Cr 
1. 10 8 1000 108, 000 
1. 00 8.5000 105, 000 
0.90 82000 107, 000 
0.80 81000 110, 000 


the alloy with 7.65% chromium is 82,000 cal/mol 
for the alloy with 14.43% chromium 107,000 
cal/mol. These results of the calculation of 
La for the investigated alloys show that the 
activation energy of the process of the 
removal of the defects increases in a linear 
manner with increasing chromium content in 
the alloy. 

Translateu by B, Ruhemann 
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M.P. ARBUZOV and V.G. CHERNYI 
Institute of Metallography of the Academy of Sciences of the USSR 
(Received 18 June 1957) 


Recently a number of investigations have 
been made on the study of the hardening and 
dehardening processes in alloys on a nickel 
basis. In papers [1, 2] the crystal micro- 
structure and mechanical properties (hard- 
ness) of chromium-nicke] alloys in the plas- 
tic deformation hardened state and in the 
process of dehardening on heating were 
studied. It was shown that the presence of 


chromium in nickel increases the hardening of 
the alloy on deformation and facilitates the 
preservation of the hardened state to higher 
temperatures, 

The object of the present paper was to 


study the effect of aluminium and titanium on 
the changes in the crystal micro-structure 
(second-order defects and mosaic block dimen- 
sions) and the mechanical properties (hard- 
ness) on hardening and dehardening chromium- 
nickel alloys, 

The alloys Ni-Cr-Al, Ni-Cr-Ti and Ni-Cr-Al- 
Ti were chosen for the investigation. The 
chemical composition of the alloys is given 
in Table 1. We note that 4 and 5 are ageing 


alloys. 


TABLE 1 


The specimens were cut from rods and annea- 
led at 1050-1080°C, and then cooled together 
with the furnace. Slow cooling brought the 
ageing alloys into a state of equilibriu, 
The homogenized specimens were subjected to 
80 per cent plastic deformation by uniaxial] 
compression, From the disks obtained after 
deformation specimens for the X-ray photo-~ 
graphs and hardness measurements were made, 

The alloys were dehardened at 400-800°C, 
The size of the second-order defects A a/a 
and the block size D were determined from the 
width of the lines of the X-ray photographs 
[1, 3 4] and by the method of harmonic 
analysis of the X-ray photographs of the 
investigated alloys [5, 6]. The values for 
Z\a/a and D obtained from the calculations 
by the first and the second-method agree 
closely, Therefore, in discussing the 
results of the present work their differences 
are neglected. 

The hardness was measured in a Rockwell 
appliance with a diamond cone under a load of 
60 kg (scale A), 

The X-ray photographs of the un-dehardened 


Composition of the investigated alloys 


% content of elements 


No. of alloy 
Cc Cr 


Ti Al 


0.025 19.55 
0.035 19.67 
0.035 19.55 


0.04 19.67 


0.035 19.55 


0.1 0.6 
2.0 
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and dehardened specimens were obtained in 
copper radiation in cameras with 150 mm drum 
diameter. The specimens were rotated during 
the exposition. 

In Figs. 1, 2 and 3 the curves for the 
changes in the values of the second-order 
lattice defects, the block-size and the hard- 
ness Hp, of the hardened alloys are given as 
functions of the annealing temperature on the 


basis of the data of Table 2. These results 
show that in all cases the hardened state of 


the investigated alloys is characterized hy 
high values of the lattice defects, small 
sizes of the mosaic blocks and great hardness. 
In absolute value these quantities were, 
however, different in the different alloys. 

The greater the aluminium content in the 
chrome-nickel alloys, the greater were the 
lattice defects and the hardness. Conversely, 
the greatest block size is observed in the 
alloy with the smallest aluminium content. 
The same regularity occurs in alloys with two 
additional alloying elements, aluminium and 
titanium. 

If one compares the values for the quan- 
tities Aa/a, D and Hp, for the alloy con- 
taining 0.6% aluminium (1.3 at.%) with the 
values for these quantities for the alloy 
Ni-Cr-Ti (1.45 at.% Ti) one can see that 
titanium leads to a smaller size of the 
mosaic blocks and greater hardness after 
deformation. The size of the second order- 
lattice defects was in the Ni-Cr-Ti alloy a 
little smaller than that in the alloy with 


the addition of aluminium (see Table 3), 

Let us dwell] on the results of the study of 
the dehardening processes, Fig, 1 shows 
that the temperature of the beginning of the 
removal of the second-order defects is almost 
the same in all alloys. The rate at which the 
defects were removed on further raising the 
temperature proved, however, different for 
different alloys. 

40 


2.0 


700 °C 


Fig. 1. Curves of the changes in the size of the 
second-order lattice defects of the investigated 
alloys. 


In the alloys containing 0.6 and 2.0% 
aluminium the size of the blocks preserves its 
initial value to 550°C (Fig.2). On further 
raising the temperature the biocks begin to 
become rapidly larger (0.6% aluminium); in 
the alloy with 2.0% aluminium the blocks 
become larger very slowly. 


The growth of the blocks in the Ni-Cr-Ti 
alloy begins at the same temperature as in the 


TABLE 3 
Size of the defect L\a/a, block dimension and hardness of the investigated alloys 


No. of alloy|Aa/a x x 107°, om 


Temperature of Temperature of 
removal of defects|drop in hardness 
by half, T,(°C) Ty CC) 


(1. 95)° (4. 5)* 
2.10 5.3 
2.30 4.4 
1.75 3.6 
2. 50 4.5 
2.75 3.6 


575 550 
575 625 
625 700 
625 625 
660 675 
700 750 


* Our data for Ni-Cr in brackets 
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Fig. 2. 


ICO 600 


Curves of the changes in the 


block size of the investigated alloys. 


alloy with 0.6% aluminium, On further 

raising the temperature, however, the blocks 
in the Ni-Cr-Ti alloys grow larger a little 
more slowly than in the Ni-Cr-Al] alloy. In 
the ageing alloy*with 1.6% titanium and 

0.43% aluminium the rapid growth of the blocks 
begins above 700°C, In the alloy containing 
2.38% titanium and 0.59% aluminium the blocks 
remain unchanged up to 750°C, 

The hardness of the alloys as a function of 
the annealing temperature changes similarly 
to the lattice defects (Figs. 1 and 3). But 
the temperature of the beginning of the drop 
in hardness 7, and of Aa/a are not the 
same, For all alloys the drop in hardness 
begins at higher temperatures than the 
removal of the defects. The temperatures of 
the complete removal of the defects prove 
lower than the temperatures at which the 
hardness reaches a value corresponding to the 
annealed state of the alloys. If one com- 


He, 
80 


pares the curve for the change in hardness as 
a function of the temperature for the alloy 
containing 0.6% aluminium with the same curve 
for the alloy containing 2% aluminium, one 

can see that with increasing aluminium content 
the hardness of the alloy after deformation 
does not change, but the beginning of the drop 
in hardness is shifted to the region of higher 
temperatures. On further heating the hardness 
of the alloy with the greater aluminium 
content remains considerably higher than the 
hardness of the alloy with the lower aluminium 
content, The same regularity is observed for 
the growth of the blocks when the temperature 
of these alloys is raised, 

Of great interest is the comparison of our 
data with the similar data for the Ni-Cr alloy 
(18.9% chromium) [1]. The comparison of such 
characteristics as the temperature of the 
removal of the defects by half, the hardness, 
the temperature of the beginning of the drop 


~ 


Fig. 3. 
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hardness of the investigated alloys 
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in hardness, makes it possible to draw the 
conclusion that the alloying of chrome- 
nickel with aluminium and titanium improves 
the mechanical properties of the alloy 
(increases its hardness) after deformation 
and facilitates the preservation of the 
hardened state to higher temperatures on 
heating (see Table 3). 

In the paper by Kurdiumov and Travina [7] 
it was shown that the introduction of 
chromium, aluminium and titanium into 
nickel leads to greater firmness of the 
inter-atomic bonds and the higher the 
concentration of these elements the greater 
their effect. With equal atomic concen- 
tration the greater increase in the 
strength of the bonds is caused by 
titanium, then by aluminium and chromium, 
The results of these investigations make 
it possible to understand why the intro- 
duction of aluminium and titanium into 
chrome-nicke] shifts the dehardening 
processes to the region of higher tem- 
peratures, In that case the main role is 
evidently assumed by the strength of the 
bonds in the lattice of the solid solution, 
The greater the strength of these bonds 
the higher the temperatures at which the 
processes of the removal of the defects and 
of the growth of the blocks begin and the 
higher the temperatures to which the great 
hardness of the material is preserved on 
heating, In ageing alloys the dehardening 
processes are also connected with the 
coagulation of the second phase, Here 
greater significance is assumed by the 
strength of the bonds in the crystal lat- 
tice of the precipitation phase and by the 
rate of diffusion of the alloying elements 
in the solid solution [8]. 


CONCLUSION 


The values of the second-order lattice 
defects and the size of the blocks obtained 
by calculation both from the width and the 
form (harmonic analysis) of the lines 


closely agree. This means that with the 
correct selection of the functions for the 
distribution of the intensities of the 
blackening of the lines the method of 
calculation from the width of the line is no 
less accurate than the method of harmonic 
analysis, 

Comparison of the results obtained with 
similar data for chrome-nickel (80% nickel, 
20% chromium) makes it possible to draw the 
conclusion that the alloying of chrome- 
nicke] with aluminium and titanium leads to 
greater hardening after deformation and 
shifts the dehardening processes to the 
region of higher temperatures, This is 
evidently connected with the fact that 
aluminium and titanium increase the inter- 
atomic bonds in the lattice of the solid 
solution, 


Translated by 8, Ruhemann 
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ON THE THEORY OF ANTIFERROMAGNETIC RESONANCE 
IU.M. SEIIDOV 


Institute of Physics and Mathematics of the 
Academy of Sciences of the Azerbaidjan SSR 


(Received 22 July 1957) 


The present note sets itself the task of calculating the damping in the study of anti- 
ferromagnetic resonance. The damping term is initially selected as by Bloch [1] for the theory 
of nuclear resonance, In the model studied it is supposed that the antiferromagnetic crystal 
consists of two sublattices each with a magnetization directed opposite to that of the other 
and equa] in magnitude [2]. The calculation is made in the classical form. The exchange 
forces are treated like molecular fields H,=—iM,, Hy=—)Mp. 

The equation for the movement of the magnetic moment of the antiferromagnetic is expressed in 
the equality between the acting moment of rotation and the rate of change of the moment of the 
amount of movement for each sublattice: 


dM) 2 
(Hot Hy +H) — Me’ 
(1) 


M 
(Hy + Hy + + Me? (He — 
MO) yi) 


1 


dM‘) 
= 1[My? (Hy — — Hg) — (Hy — 
aM?) 
=1(— —H,) + MP (Hs — — 
xl?) 


(1) 


Here T, and T, are the transverse and longitudinal] time of relaxation; in general, these are 
not equal; 4H, - K/M, takes account of the field of magnetic anisotropy; H, is the constant 


magnetic field; y= Hp=hM, = Mi. 
It is supposed that the preferential axis of direction is along the z-axis, Besides, it is 
assumed that the crystal of the antiferromagnetic consists of one antiferromagnetic region and 


has the form of a sphere, so that the demagnetization effects play no role. 
If we seek the solution to equations (1) in the form 
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MY? = MY" exp(iwt), MY = exp (iot), 
H, =H exp(iwt) Hy = exp (iwt), 


and introduce the notation Mj, = = H9—iH), we obtain the following 
expressions for and 


[— — MO) fw 4 (Ho —H,— 
Hey + (Hot Hat Ho— He)| 


Moi = 


[— Aer MSO + fw + (Ho + Ha + 


Mo2= 


The components M, are obtained if m{?!), m{?), are inserted into the 


equation: 


(MY) __ M M$))/r, = ME") ) ( 
7 +1 (MPP) — 1 ( ) J. 


The right-hand part of equations (4) may be zero for smal] magnitudes of the alternating 
field, when MW), (0?) MY) == My. 
For the anti-ferromagnetic case the dynamic susceptibility takes the form 
AM, 
— + 21/72 do 


X= 


Aw =o — 7H, = [H,(4, + 2H,) + W/T3] 1°. 


Using the well known formula for the susceptibility 


1) — iy] = — 


we obtain for the rea] and imaginary parts of the anti ferromagnetic high frequency permeability 
the expression: 


— 06]? + 473(Ao)* 72 (6) 


For the ferromagnetic case one must assume Mj =M,;; M[=—M,(1— 7), when it is easy to 


obtain from formula (3): 


2 
[2yM,Ha + — MgH arn] [(Ao)? — 09] + Aw 


03]? + 4/7} (doy 


Ms — + 4d [12M — + Mn 
4x [(a)? 4/T? (Aw)?} T, 
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In conclusion we note that the damping term can also be calculated with the equation of 
L.D. Landau and Ye.M, Lifshits [3]. The equation of L.D. Landau and Ye.M. Lifshits for an 
antiferromagnetic crystal] is written in the form: 


— — + (HAM) + (HoH, —H,) 


where a@ is a parameter determined from the width of the lines which characterize the resis- 
tance which acts on the processing dipole moment of the specimen. Solving equations (8) with 
the above assumptions, we obtain the following expression for the antiferromagnetic high 


frequency permeability: 


27°MHa {(1 — [(qo)*—w§] —22%y[2H +27H 4 (Hat2H,) |} 


pi — | 
9 
+ 7 (1 a*) [ 2H, Aw 2y Hy, 2H,)]| ( ) 


oo = +H, (H, + 2H,)(1—2%)]. 


A full analysis of the results will] be given later. 


Translated by 8B, Ruhemann 
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ON THE THEORY OF THE FERROMAGNETISM OF 
MULT1-COMPONENT ALLOYS* 


K.F. WOJCICHOWSKI 


Polish People’s Republic Institute of Physics of the 
Polish Academy of Sciences Low Temperature Laboratory, Vrotslav 


(Received 16 December 1958) 


Vonsovskii [i, 2] has applied the theory of 
Holstein and Primakov [3] to binary ferromag- 
netic ordering allays and obtained a number 
of interesting results which take account of 
the effect of short range order on the ferro- 
magnetic properties of these alloys. It 
appears that al] Vonzovskii’s considerations 
and calculations can be widened to include the 
case of multi-component alloys with any 
crystal lattice. 

The sum of the exchange integrals Ma jk 
plays a fundamental] role in Vonzovskii’s 


calculations. This sum can be written for any 
multi-component alloy in the following manner: 


ya = (P) PavAs (P)» 


Rij py 


py 
ik jk jk (1c) 


where n is the number of components in the 
alloy; 1 the number of sublattices making up 
the superstructure of the alloy; zy v(Pp) the 
number of nodes in the v the sub-lattice found 
at the distance p from any node of the pth 
sublattice a, the number of atoms of sort 
i in the nodes of the mth sublattice; p, 
the a priori probability that the node of the 
pth sublattice is occupied by the atoms of 


sort k; 
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Qi; the number of pairs of atoms of sort k 


and j found in the nodes of the mth and 
v th sublattice respectively at the distance 


Pp; 


P,,(r) the probability that an atom of sort ; 
is found at the distance °° from an atom of 
sort k. 

Formula (1a) represents the dependence of 
Aj, on the long range order parameters which 
enter into the quantities a;,, and p;, (4], 
while formulae (1b) and (lc) represent 
the dependence of 2A; on the short range 
order parameters (for (1b) compare [4], for 
for (1c) compare [5]). 

Repeating all Vonzovskii’s calculations and 
using formulae (la-lc), we obtain: 

(a) the temperature dependence of the 
spontaneous magnetization 


Quo kT 


Im Nig ta ( 


where j2, is the mean magnetic moment per 
atom of the allay; WNW the total number of 
atoms of. the alloy; 

(b) a formula for the determination of the 
ferromagnetic Curie point 


(3) 


2k 
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(c) a 72/2 law for the temperature depen- 
dence of the spontaneous magnetization at 
low temperatures 


nil 
2 


+ 
a,j ( ) 


All the above formula determine the 
dependence of the quantities characterizing 
the ferromagnetism of the alloys for any 
composition and crystal structure on the 
long and short range order parameters and 
on the concentration. We know that com- 
plete order is established in an alloy in 
the region of 0°K, but, apparently, at that 
temperature local unordered areas may 
appear although the alloy is fully ordered 
in the long range order sense. Hence, the 
function (la) is valid only at high 
temperatures. 

The short range order parameters can be 
introduced in accordance with the deter- 
minations in [4, 5] 


(p) 
bs () ord. ~ unord. 


Py; (r) — 2C,C 
(r) = (5b) 


(r)ord. — 2C;.C; 


where C; is the concentration of atoms of 
sort i in the alloy. 


* unord. = unordered 
ord. = ordered 


The indices rm and h in (5a) and (5b) deter- 
mine the number of linearity independent 
parameters which must be introduced in order 
to describe the configurations in an n-compo- 
nent alloy. Guttman {5] has shown that h = 
n(n-1)/2. It should, however, be noted that 
the latter function is only valid fora 
certain value of *. Therefore, m = ha, where 
a determines the number of vectors r’ for the 
given crystal structure which are different 
in direction but equal in regard to the 
module. For instance, for the Geisler alloy 
with the composition Cu,MnAl, for the cal- 
culation of the shortest range interaction 
a = 8, whence m = 24, 

To make specific calculations one must use 
the functions [4, 5}: 


(0) =F Tend Pi; (r) = g (sn, 7). (6) 


VOL 
Finally, we come to the conclusion that al] 7 
considerations and calculations of Vonsovskii ; 195 


remain valid not only for binary but also for 
multi-component alloys. 

One must note that on the basis of the 
method described for the study of the ferro- 
magnetism of alloys the changes in the ferro- 
magnetic properties of pure metals with smal] 
additions of other elements become evident. 


Translated by 8B, Ruhemann 


REFERENCES 


1. S.V. Vonsovskii, C.R. Acad. sci. U.S.S.R. 24, 
570 (1940). 

2. S.V. Vonsovskii, Zh. tekh. fiz., 28, 131 (1948). 

3. Holstein and Promakov, Phys. Rev., 58, 1098 (1940). 

4. K.F. Wojcichowski, ActaPhys. Polon (inthe press). 

5. L. Guttman, Solid State Phys., 3, 145 (1955). 


ON THE ROTATION OF THE PLANE OF POLARIZATION OF 
ELASTIC WAVES IN MAGNETICALLY POLARIZED METALS* 
K.B. VLASOV 
Physics of Metals Institute of the Academy of Sciences of the SSSR 
(Received 19 December 1958) 


Let us discuss the spread of a plane transverse elastic wave weeuexp[i(wf—kz)] in a metal along 
the direction of a polarizing magnetic field H, (directed along the z-axis). Here u= Uy + july, 
where u. are the component vectors of displacement of the points of the elastic medium, The 
spread of this wave is accompanied by a change in the function of the electron distribution f. 

Solving the kinetic equation for the electrons jointly with the Maxwell equations which take 
into account the electric currents and fields arising in the metal during the passing of the 
elastic wave, one can, after Pippard [1] and Steinberg [2], determine the distribution function 
and from it calculate the mechanical stresses which arise in the dynamic regime from the 
changes in the distribution function and which, from the determination of the impulse flow with 


opposite sign, are equa] to 


: 2m* 
+ = — + jvy) = 


= nm [(1 + joct) + (1 — G) + du/de, 
ke = 4riwne*t/c¥m; wo, = eH /mc, G’ aG/kl; 1 = 


3 2 
ru — (1 + a~*) (1 —a™~arctana)); a=ki/(1 + dot + 


Here n is the number of free electrons per cm?, and m, e, v, | and 7 respectively their mass, 
charge, velocity, the length and time of their free path; c the velocity of light. 

It is seen from(1) that, forexample, thestresses o,,=¢,, are expressed not only by the differ- 
entials du,/dz, butalso by the differentials du. /dz. This brings about the existence of component 
elastic moduli of the typei we), and . The presence of the imaginary term in the comp]ex 
elastic module C44 = C44 + the absorption of energy and the the sound 
wave which has been accounted for, for example, inpapers [1-3]. The presence of the dynamic modu- 
les of type iwc’, represents the rotation of the plane of polarization of the elastic wave, 

In the case of small] frequencies, when k! € 1, (at any values of the field H,), or in the 
case of strong fields, when o,t»x«/ (at any frequencies), | a | €1 and the enpreeeien (1) takes 
on the simple form: 

40u,/02 + iwC4,0uy/0z, = — + ,du,/dz, (2) 


+ w2q2)—! 


C45 = —Cg, =—Cy, 
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Solving the equation of the theory of elasticity pu; = 03;;/0x;, we obtain for the constant of 
rotation in the given approximation the expression: 


” ] 
% = (pC44)"*Ho = tmaxt rad (3) 


Xmax — ne/2cpoy; = [1 + (4) 


Assuming n ~ 10%cm ~3; p~ 10g 0, = (C4,/p)'* ~ 10° cin xsec-? and e =—4.8x10-10 c,g.s. units, 
we obtain hie ee rad x.cm™! e~1, Thus, even bearing in mind that formula (3) requires 
the fulfilmmt of the conditiona < 1, one may expect a rotation of the plane of polarization 
of the elastic wave (during its spread in pure metals at low temperatures), for example, over 
a distance of 10 cm in a field of 10*e, by an angle of at least of the order of tenths of rad 
at not too high frequencies. 

It is interesting to note that at w,t 1, as is seen from (4), x does not depend on 7 and is 
determined by the number of free electrons. 

It is also to be noted that at higher frequencies in a metal] the electric curremts 


[(1 + joes) — 1] + new. (5) 


become considerable. Therefore in solving the equations of the theory of elasticity 
pu; —03;;/0x; + F; one must take the Lorentz force into account, which acts on this current: 
 =[/H,). This force should also lead to a rotation of the plane of polarization of the 
elastic wave. A considerable effect of the current (5) on the rotation of the plane of 
polarization begins to be noticeable, however, at high frequencies already when k is of the 
order of ko: 

In conclusion I express my gratitude to S.V. Vonsovskii for his constant interest in the 
work, 


Translated by 8, Ruhemann 
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PLASMA OSCILLATIONS IN THE PRESENCE OF DEGENERATE ZONES* 


V.L. BONCH-BRUYEVICH 
(Received 19 February 1958) 


In papers [1, 2] the plasma oscillations and the screening by free charges in a solid body 
were examined hy uSing Green’s function. The forms of the iso-energetic surfaces in the 
undisturbed problem could be of any kind, provided only that the zones were not degenerate. 
Indeed, only under that condition can the calculation of the periodic field of the lattice 
lead to the simple replacement of the kinetic energy operator by W(-ihY7), where #—3(p) is the 
electron energy (in the absence of disturbances) as a function of the quasi-impulse p (h is 
the Plank constant divided by 27). In the present note the method of [1, 2] is broadened to 
cover the case of degenerate zones which is necessary, for example, for the study of the 
plasma of holes in silicon and germanium. This generalization is also required for the study 
of plasma oscillations in metals when the energy of the plasma quanta becomes comparable to 
to the distance between the zones (apparently that is precisely the case in the transitional 
metals). 

We know (see for example ([8]) that in that case we must use a system of equations instead of 
a single equation with an effective mass; in the absence of disturbances (the role of which 
may be played, in particular, by Coulomb interaction) thi¢systemhas the form (for small): 


(— ihy) — iy} = (1) 
Hij (P) = DF Pa Ps. (2) 


Here D is a constant; a, B and i, j respectively are the vector and matrix indices 
(i, j = 1, ... r; r is the frequency of the degeneration); the summation role is used. The 
solution of (1) has the form 


= exp A= W, (p)s (3) 
where v is the number of the root of the secular equation and the quantities c, satisfy the 
usual conditions 

= Byes (v) (v) = By. (4) 
The Fermi (G;,) and Bose (D) functions of Green are determined as in (1); one must only take 


into account the degeneration of the zones also when calculating the ‘‘free’’ Green’s function 
Namely, 


(2x) Po— W, (p) + ine |W, (p) — Wp] 
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It is easy to verify that 


a 
wo} (x, = — (x (6) 


The Schwinger equations for G, j and D are written in the usual form (2? is a dimensionless 
bond constant): 
1 
G = G0) gGi)Ge + mG; M=—igG D; 


8 


Developing M and P into series and subsequently applying a renorming group on the model of 
[4], we obtain, bearing in mind (4) and (5) 


= Dg! (ke) — (2n)84P (8) 


Pole, y) = —ig* Gi?) (x, y) GSP x) = fate, (k) exp [—i(k, x—y)], 


(2n)8 dp [Po— W, (p) + ine (W, — W,)| 


19) 


Py (k) = 


[Pe— ky — W, (p—k) + ine (W, (p — 8) (10) 


The expression (10) is valid only for lower orders of k. It differs from the corresponding 
formula for the polarized operator in [1] only by the additional summation with respect of v 
(that is, of the various degenerate or almost degenerate zones), Hence, all results concer- 
ning the spectrum of plasma oscillations and the screening law are in this order obtained 
immediately from the corresponding formulae [1, 2] by simple summation with respect of vy. In 
particular, for the limit of plasma frequency (the frequency of plasma resonance) @, we have 
in the usual units (in a meta] one must assume € = 1): 
 4nne® 


(11) 


W, (p) 
9p, 


l 


m* 


value of (12) is virtually independent of n, since/@(z) = (z+ . 
germanium and silicon we have, as we know [5]; 


1 
Ay + case, a}. 
2 2 


(6, 9) = sin? 26 + sin*8 sin? 2¢, 


7 
D = D!) + pp, P = — ig G. 
| 
where 
Vi = WV, = 
(13) 
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where 9 and dare the polar angles of the vector p; Ac, Bo, Co are constants the values of 
which are given, for example, in [5]; m is the mass of the free electron, The third (also 
twice degenerate) zone which (at P = 0) is distant from the first two by the finite distance 
A may be disregarded for all] reasonable hole concentrations, In calculating the integrals 
in (12) the function f(9 , p) can with sufficient accuracy be replaced by its mean value for 
the sphere; one then obtains, taking into account the data of [5], (€ = 16 for germanium 
and € = 12 for silicon): 


hwy =0,19- 10719 Yn es, 


7 
, Awp=0,19- 10719 Yn es, 


(n is expressed in cm 3), For higher orders of k a splitting of the plasma frequencies 


occurs, 
The proper values of the energy of the current carriers (fermions) are on the basis of (6) 


and (7) determined from the system of equations 


(Hig (x) + g® (x) — de My (x, 2) 4 (2) =0, (16) 


where Mis the screening potential of the external field (of the type calculated in [2]). 
From this it follows, in particular, that the iso-energetic surfaces determining w o #eree 
with the experimentally observed ones for the fermions only at smal] n (at which the experi- 
ments on cyclotron resonance are made); generally speaking, the real effective mass 

of the fermions depends on the concentration of the latter, as has already been observed in 


(6). 
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THE FREQUENCY SPECTRUM OF ATOMIC CHAINS ACCOUNT BEING 
TAKEN OF THE INTERACTION OF NEIGHBOURS OF ANY ORDER* 
A.N. MEN’ 

Sverdlovsk Agricultural Institute 
(Received 12 June 1957) 


The present note discusses the oscillations of a linear chain constructed from N atoms of one 
kind with mass M which interact elastically, account being taken of the interaction of neigh- 
bours of any order. a(j|i-j|) signifies the coefficient of the elastic bond between the atoms 
which are situated in the nodes with the numbers i and j. 

Following the usual method we shall assume that the chain is closed in aring. If x, 
signifies the shift of the nth atom from the eqilibrium position, the equation of motion of nth 
atom has the form 


k 
n—-j=1 


N N—1 
where k= if is an even number, ,if it is uneven, } 


We seek the solution of equation (1) in the fom 
X, = Dn exp (— iwt), (2) 
where D, is the amplitude of the oscillations of the nth atom; w one of the proper frequencies, 
Substituting (2) in (1) and shortening by exp (-i w t), we obtain a homogeneous equation for 


the nth atom. Composing such equations for all N atoms, we easily find the secular equation 


for determining the frequency spectrum 
IN | 0, 
anian2:--2NN 


N 

2 a(y) — Mot(k = 


—a(l—k) +k—1) 


N 


N 
— 2a (l— k) +8) Neven 


The interaction of atoms situated at distances greater than half the circumference of the ring is 
not taken into account. This limitation is not one of principle, since when it is removed only 
(small) terms are added to the elements as. in the determinant (3), which correspond to more distant 
interactions. The general form of the spectrum is not altered by this. 
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2 
2 (j)— Mot (k= 1) 


N 
—a(N+h—d 


N uneven 


Agi = 

The matrix A of the determinant (3), taking into account (4), can easily be changed into the 
diagonal form with the transformation P = VAV’, where V = || v,,/| is a nonspecific matrix [lof 
the form: 


(i— 1) (k—1) 
N 


(é— 2) (k—1) 
N 


Vip = SiN iwe3,5,7..., 


Vip = COS i= 4,6,8..., 


and V’ is the transposed matrix, The elements of the matrix P = || p; ll have the form: 


N N 
k=l 


From (6), taking (4) into account, we find the frequency spectrum 


n—1 N—-] 
2 a {j) [> Vin - 2% — Vin Yj, + 


v3, 


N n 


> 


where N = 2n for even N, (2n-1) for uneven N. 


n—1 


n-1 
4 
MN (N— fal) + a}. N uneven 
j=1 


w3 = (uneven) (even) 
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i-1 
k=4,6... 


An analysis of the frequency spectrum (8)-(10) shows that certain frequencies depend on al] 
bond coefficients a(j), others not. In particular, if N is a prime number every one of the 
frequencies (except w, = 0) depends on all a(j), which corresponds to the oscillation of 
every atom separately around its equilibrium position. For any other N at least one of the 
a(j) goes out, which corresponds to the oscillation of two or more atoms as one whole. If N 
is an even number, the frequency @, contains the bond coefficients of the uneven neighbours, 
which corresponds to the oscillation of the chain of atoms situated in the uneven places as a 
single whole. 

From (8)-(10) it is easy to obtain the particular case of the frequency spectrum for a single 
atom chain taking account of the nearest neighbours (see, e. & § 21 of paper [2]). For this it 
is sufficient to substitute a(1) =a, a(j) 0forj =1in(8), (10). Ananalysis of the nature of 
the oscillations of such a chain shows that oscillations of each atom separately around its 
equilibrium position or of pairs of atoms situated at different distances are possible, 

We note that a similar problem has been discussed in Peierls’ book [8] by a different method, 
namely by reducing all the equations of type (1) to one equation, The frequency spectrum 
(8)-(10) agrees with (1.13) in 5 of [3]? if one takes (1.8) into account and changes from 
cosines to sines. The approach to the solution of the problem discussed in this note offers a 
wider prospect for the calculation of various kinds of local disturbances in the chain since 
for such a chain the method proposed in [3] is inapplicable. 

I express my gratitude to A.N. Orlov for discussing this work and giving useful advice, 


(10) 


Translated by B, Ruhemann 
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THE ANOMALOUS TEMPERATURE DEPENDENCE OF THE MAGNETIC 
PROPERTIES OF ALLOYED PERMALLOY AND THE 
EFFECT OF THE ORDERING PROCESS ON ITS 
MAGNETIC TRANSFORMATION* 
M.V. DEKHTIAR AND N.M. KAZANTSEVA 
Department of Physics, Moscow State University 
(Received 7 December 1957) 


The alloy which in chemical composition 
corresponds to supermalloy is a Single- 


rlhase alloy. According to the published data 


its magnetic transformation occurs below 
400° [1]. 

In the present paper it is shown that on 
heating, quenched supnermalloy changes 
structure near 300°; On further heating, 
the newly formed structure, a short range 
order, subsequently suffers two magnetic 
transformations. The first, near 375°, 
leads to the alloy losing its ferromag- 
netic properties to a considerable extent. 
The second, a transition to the paramag- 
netic state, is observed near 448°. 

The study of the temperature dependence 
of the magnetic properties was done on 
specimens of 0.2 mm diameter and 200 mm 
length. The specimens were first heated at 
a temperature of 1200° for 2 hr in thin 
quartz tubes evacuated to 107*mm., The 
dis-ordered structure which the alloy 
acquires at 1200° was retained by quenching 
the specimens in water, 

Figs. 1 and 2 show the curves obtained 
in this way for the temperature dependence 
of X and Nos 

In the curve for s. as a function of the 
temperature one notes with particular 
clarity the structural transformation near 


. Short range order arises in the distribution 
of the atoms [2]. 

. The quenching was done by means of transfer- 
ring the evacuated quartz tube containing the 
specimen from the furnace into water. 


Fiz. metal. metalloved. 7, No.3, 453-455, 1959. 


i *-cooling 


4-second heating 
100' 


Magnetization (&) 


350300350 
Temperature measurement 


Fig. 1 


o-neating 

x-cooling 

4-second 
heat ing 


250 300 0 WOT C 
Temperature measnrement 


Coefficient force 
(oersted) 


o-heating 
X- cooling 


Maximum receptivity 


2IO 350 
Temperature measurement 
Pre. 2. 


129 
400) 
JOL. 7 
7 
1959 
| 
| 
Nc 
Xm 
6000 
4000 
1 
2000 
2 


130 Letters to the Editor 


300° which, as we have shown [2], is linked 
with atomic ordering. Near 300°, J, and /, 
do not decrease on heating but increase and 
then, in the region of 320-340°, remain 
constant. The decrease in the magnetic 
saturation with increasing temperature is 
compensated for in the interval 300-340° 
by an increase in - as a result of the 
formation of short range order, 1 

The new structure of short range order 
has special magnetic properties. Firstly, 
we note a sharp fall (to nought) of the 
residual magnetic moment in the interval 
340-375° (see Fig. 1). The coercive 
force in that region does not decrease, as 
one would expect, but increases fourfold 
from 0.025 to 0.13 oersted. The holding of 
the specimen in the process of measurement 
at temperatures of 320-375°, as can be seen 
from Fig. 2, leads to a sharp decrease in the 
maximum susceptibility from 10,000 at 320° 
to a value of the order of one at 375°. 
The susceptibility remains as low as that 
in the interval 375-448°, i.e. right up 
to the transition to the paramagnetic 
state. 


The change in the magnetic properties 
near 375° which is observed from the sharp 
decrease in the maximum susceptibility and 
the fall in the residual magnetic moment to 
zero is also noticed in the break in the 


curve I, = f(t) (see Fig. 1). These 
changes are reversible: they are observed 
both on cooling and on repeated heating. 
As can be seen fron the curves of Figs. 

1 and 2 the quenched specimen was at first 
heated to 390° (see explanation of signs). 
At this stage of the measurements an 
anomaly appeared in the curves i, = f(t) 
and J, = f(t) at 300-340°, which was 
caused by the structural transformation, 
the formation of short range order. On 
further heating the sudden change in the 
magnetic properties described above was 
observed near 375°. This magnetic transfor- 
mation on cooling is shown in the curves 


1. The emergence of the new structure, very 
noticeable in the curve F = fft), is less 
clearly but nevertheless observed in the curves 
- = f(t) and A. = f(t) (see Figs. 1 and 2). 


T, =f (t), X = f(t), A, = f(t) and I, = f(t) 
(see explanations of signs in Figs. 1 and 2), 
However, the anomaly in the region of 300- 
340°, in particular the minimum in the curves 
T, = f(t) and J, = f(t), is not observed on 
cooling the alloy. 

Hence, the structural change noted on 
heating the quenched alloy in this tempera- 
ture interval is not reversible. This is 
explained by the fact that the short range 
order which arises on heating the quenched 
alloy is stable in the temperature interval 
investigated. On repeated heating from 280 to 
450° (see the explanation of signs in Figs. 1 
and 2) the experimental points lie on a branch 
of the curves I, = f(t), J, = f(t) and HH, = f(t) 
obtained on cooling. The minima in the curves 
T, = j(t) and I, = f(t) and the maximum in the 
curve I, = f(t) which are observed on first 
heating near 300°, do.not appear here (nor on 


cooling) since the process of the formation of erg 
short range order is completed on the first 195 


heating. This fact is confirmed by the mag- 
netization measured on cooling and repeated 
heating (see Fig. 1) being equal, and much 
greater than the values obtained on first 
heating. The magnetic transformation at 375°, 
however, is reproduced on the second heating, 
as was to be expected, 

Above the temperature of the magnetic 
transformation observed by us and which lies 
near 375°, and right to the transition into 
the paramagnetic state, the alloy has the 
following properties. In the interval 375- 
448° the magnetic moment measured after the 
field is switched off (i.e. in a field f/ = 0) 
is zero (Fig. 1). The coercive force of the 
alloy measured from the magnetization curve is 
also zero. In this temperature region the 
specimens are very easily demagnetized. The 
magnetic susceptibility is here three orders 
of magnitude less than at temperatures below 
375°, but stil] high compared with the para- 
magnetic susceptibility. Therefore, in a 
magnetic field the alloy still acquires a 
considerable magnetic moment (Fig. 1). The 
temperature of the transition into the para- 
magnetic state, as can be seen from the curve 
T, = f(t), lies near 448°, 

It follows from the above that rapidly 
cooled supermalloy on heating near 300° 
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undergoes a structural transformation caused by 
the formation of short range order. From the 
course of the curves I, = f(t) and J, = f(t) it 
is seen that this transformation ends near 340° 
since only in the interval 300-340° is the 
decrease in the magnetic moment on heating com- 
pensated by the increase caused by the formation 
of short range order. On heating the alloy 
above 340° the course of the curves i, = f(t), 
I, = f(t), X= f(t) andH, = f(t) reflects the 
temperature dependence of the magnetic proper- 
ties of the newly formed short range order 
structure. The magnetic transformation of this 
structure was observed near 375°. It is not 
like an ordinary transformation observed at 
the Curie point since the magnetic order does 
not disappear. 

It follows from the results of the above 
described cycle of consecutive measurements 
on heating, cooling and repeated heating of 
the alloy that the reversible magnetic trans- 
formation near 375° is neither caused nor 
accompanied by a structural change like the 
irreversible process of the formation of 
short range order. This latter process, 
which occurs on heating the quenched alloy, 
is completed at lower temperatures. 


The sharp decrease (to zero) of the magnetic 
moment measured in a field // = 0 which is 
observed + near 375°, and also the decrease in 
the magnetic susceptibility by three orders 
of magnitude testify to the change in the 


magnetic structure which occurs at that tem- 
perature. ay its nature this change is 
possibly connected with the formation of an 
antiferromagnetic orientation of the magnetic 
moments. 2 As can be seen from the course of 
the curve J. = f(t}, the magnetic structure 
of the alloy is in the broad interval of 
temperatures from 375 to 448° characterized 
by an ordered state in which in the absence 
of a magnetic field there is no resulting 
magnetization. 


Translated by 8B Ruhemann 
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1. After switching off the field, 


2. The possibility of the formation of various types of spin ordering for a certain magnetic lattice and 
the transition from a ferromagnetic to an antiferromagnetic state was foretold in the papers of 
Neel [3] Smart [4] and Pratt [5]. The latter, explaining the possibility of the transition of a 
ferromagnetic into an antiferromagnetic state, started from the theory of the molecular field at 
the foundation of which are two propositions: (1) the existence of indirect exchange interaction 
between the d electrons of neighbouring atoms which causes an antiferromagnetic orientation of the 
d spins, and (2) the presence of a ferromagnetic bond between the magnetic atoms and the conducti- 
vity electrons (s-d exchange interaction after Vonsovskii [6-8]). 
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STUDIES 


IN THE DEFECTOSCOPY OF RAILWAY RAILS IN 


MOVING MAGNETIC FIELDS. 
+2, ON THE LENGTH OF THE MAGNET! ZED 
SECTION ALONG THE RAIL* 
V.V. VLASOV 
Physics of Metals Institute of the Academy of Sciences of the SSSR 
(Received 30 November 1957) 


In one of the previous papers [1] an 
approximate appraisal was made of the surface 
effect in the head of a rail of 1-A type 
which is locally magnetized by the field of a 
moving J]-shaped electromagnet fed with a 
constant current. The data obtained in that 
paper refer to the case where the length of 
the magnetized section of the rail, which is 
determined by the distance between the centres 
of the poles of the electromagnet, is 44 cm, 

The surface effect in the rails during 
magnetization in a moving local field undoubt- 
edly depends on the distance between the 
centres of the poles of the electromagnet 
which creates the extemal magnetizing field. 
The question of the optimum distance between 
the poles of the electromagnet is of great 
importance for the defectoscopy of rails in 
moving magnetic fields, It appeared to be of 
interest to estimate this distance, even to a 
first, rough approximation. 

In order to find out the effect of the dis- 
tance between the poles of the electromagnet 
on the penetration of the field in the head 
of the rail, additional] experiments to those 
described in {4] were made of the magnetic 
flow in a model] of a 1-A type rail magnetized 
with a J]-shaped electromagnet having distance 
between the centres of the poles of 3.5 cm 
corresponding to a 12 cm length of the 
section on magnetizing the rail with a 
similar electromagnet, 

The flow was investigated under the 
following conditions, The distance between 
each of the poles of the electromagnet and 
the model of the rail was 5 mm, corresponding 
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to a distance between the poles of a similar 
magnet and the rail of 17.5 mm, 


Fig. 1. Dependence of the longitudinal component 
of the magnetic flow in the head of a rail on the 
time for magnetization with an electromagnet with 
short distance between the centres of the poles 
at a speed of movement of 16 km/hr. 


The magnetomotive force in the experiments 
on the model was selected in such a way that 
it corresponded to the magnetization of a 
rail with a similar electromagnet at 11,000 
ampere-turns. We note that under these 
conditions the induction in the head of the 
rail and the model in the absence of move- 
ment reaches 0.83 Wb/m?, 

As a result of the experiments oscillo- 
graphs were obtained for the longitudinal 
component of the magnetic flow in the head 
of the rail model when magnetized under the 
above conditions, As an example, Figs, 1 
and 2 show the oscillographs of the changes 
in the flow in the head of the rail on 
magnetizing it with the above described 
electromagnet at rates of movement of 16 and 
40 km/hr respectively, 


Fig. 2. Same as Fig. 1, at a speed of movement 
of 50 km/hr. 
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The position of the curve shown in Fig, 2 
relative to the electromagnet is illustrated 
in Fig. 3. 


Fig. 3. Schematic dependence of the magnetic flow 
@ on the X-co-ordinate in the direction of move- 
ment. 


The curves in the oscillograms should be read 
from left to right. As is not diffiqlt to 
see from the oscillograms, the peaks of the 
impulses correspond to the centre of the 
distance between the poles of the electro- 
magnet, The magnetic flow in the section of 
the rail which is midway between the poles of 
the electromagnet decreases with increasing 
speed of movement, 

The oscillograms were used to determine the 
relative magnetic flow in the section of the 
the head of the rail which is midway between 
the poles of the electromaget; the flow in 
the absence of movement was taken as the unit. 
From the relative value of the flow the depth 
of the penetration of the field into the head 
of the rail was determined [1]. 

The results of the estimation of the 
penetration of the field for the reduced 
distance between the poles of the electro- 
magnet, together with the corresponding data 
obtained previously for an electromagnet with 
a greater distance, made it possible to con- 
struct the graph shown in Fig, 4. Here the 
depth of the field for the said section of 
the head of the rail is shown as a function of 
half the distance between the centres of the 
poles of the electromagnet at a speed of the 
movement of the latter of 50 km/hr. The 
curve refers to the penetration of the field 


in the time taken for the passage of the 
investigated section of the rail from the 
first distance between the moving poles of 
the electromagnet to the centre of the dis- 
tance between the poles. 
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Fig. 4. Dependence of the depth of penetration of 
the field z into the head of a rail on half the 
distance L between the centres of the poles of the 
electromagnet. 


As can be seen from Fig, 4, the depth of the 
penetration of the field into the head of the 
rail increases with increasing distance 
between the poles of the electromagnet, 

Using this figure, one can obtain an approxi- 
mate estimate for the maximum length of the 
electromagnet, For this purpose we replace 
the head of the rail by a cylinder with equal 
cross-section area, The radius of this 
cylinder is 3 cm, If in Fig, 4 the co-ordinate 
axes are lengthened and the curve extrapolated 
until it intersects the straight line for 
z=3 cm, one can find the length of the electro- 
magnet at which the head of the rail is fully 
magnetized (speed of movement 50 km/hr). This 
distance, as shown by the estimation, is 
1.5 

Apparently, in the defectoscopy of rails 
under conditions of movement it is unnecessary 
to strive for the construction of longer mag- 
nets, Nor is it necessary to shorten the 
distance between the centres of the poles of 
the electromagnet too much, since this can 
lead to a considerable reduction in the depth 
of the penetration of the field into the head 


the rail. 
Translated by Ruhemann 
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X-RAY INVESTIGATION OF GRAIN BOUNDARY ADSORPTION 
IN COPPER-BASE ALLOYS* 
V.I. ARKHAROV, S.D. WANGENGEIM AND I.B. KLIUYEVA 
Urals “Gorki” State University 
(Received 16 October 1958) 


Reversible changes in lattice parameter have 


been observed to accompany changes in grain 


size in a number of binary and tertiary alloys 


of polycrystalline solid solutions [1, 2]. 
These changes have been explained on the 
basis of grain boundary adsorption [3]. 
Consider an alloy containing solute atoms 
which can be adsorbed at grain boundaries, 
When the grain size of the alloy decreases, 
the total volume of the grain boundaries 
increases, Therefore, a larger number of 
solute atoms can accumulate in the grain 
boundaries of the smaller grain-sized alloy. 
This results in a decrease in solute concen- 


tration in the interior of the grains leading 


to a change in the lattice parameter of the 
solid solution, If the atomic radii of the 
solvent and solute atoms differ sufficiently, 
a slight change in the X-ray patterns can be 
observed with decreasing grain size. When 
the grain size is increased, a change of the 
lattice parameter of opposite sign can be 
observed, 


This effect has been observed in the alloys 


Cu-Sb, Cu-Be [1], Ag-Tl, Ag-Be, Ag-Bi, 
Ag-Pb, Ag-Zn [2]. 


The choice of systems for similar investi- 
gations is limited not only ty the require- 
ment of a large difference in the atomic 
radii of the components, but also by other 
factors. The solute atoms must be able to 
be adsorbed preferentially at the grain 
boundaries. In addition, the alloy compo- 
sition selected should be well below the 
solubility limit of the alloy, 

In the present paper the effect of the 
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reversible changes in lattice parameter in 
the alloy systems Cu-Ag, Cu-\g, Cu- were 
examined, The alloys were so chosen that 
the solute element had a different valency, 
Alloys with concentrations of the order of 
1-2 per cent were melted in a high frequency 
induction furnace, The billets were sub- 
jected to homogenization and after forging 
and additional] annealing were cut into 
separate specimens and treated to produce 
specimens of different grain sizes, To 
obtain small grains (of the order of 0.05 
mm) the specimens were forged on all sides 
and annealed in the temperature interval of 
550-600°C; to obtain large grains they were 
compressed 5-10 per cent in a press and 
annealed at 800-900°C. After each an- 
nealing a layer about 1 mm thick was taken 
off the specimens in concentrated nitric 
acid, The grain size was determined metal - 
lographically (by etching with a solution 
of hyposulphate of ammonium in liquid am- 
monia). 

The X-ray determination of the lattice 
parameters of the solid solutions was done 
by the Sachs method in a KROS-1 camera with 
Co radiation. 

The results of the X-ray investigation are 
given in the table. 

The data of the table shows that magnesiun, 
silver and tin can be absorbed preferentially 
at grain boundaries in copper in the concen- 
trations investigated. 

The results of the investigation agree well 
with the qualitative scheme proposed at the 


VIth All-Union conference on the application of 


X-rays in the study of materials. 


=| | 


Letters to the Editor 


TABLE 1 
Results of the X-ray investigation of the specimens 


’ Whether grain Change in 
Consecutive How many 
size increased lattice 
stage of ae times grain 
treatment size changed 
decreased (-) Aax10", (4) 


Translated by B, Ruhemani 
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THE ABSORPTION OF HYDROGEN BY PALLADIUM 
AT LOW TEMPERATURES* 
I.¥e. NAKHUTIN and Ye.I. SUTIAGINA 
(Received 2 September 1957) 


The absorption of hydrogen in palladium 
depending on the temperature and the 
pressure has been studied by many authors 
[1-4]. Usually the range of measuring the 
solubility of gases in metals is limited 
in the low temperature region by the fact 
that the solubility rate becomes very 
small as the temperature decreases, In 
palladium, however, it has proved possible 
to dissolve hydrogen sufficiently rapidly 
at comparatively low temperatures, Our 
tests showed that in palladium black at 
-78° and even at -120° with absorption a 
large part of the hydrogen is dissolved in 
the course of 0,5-1 min, and the complete 
absorption process is practically finished 
in the course of 10-15 min, This time 
also depends on the conditions of the 
removal of the heat which is released 
during the solution, The relatively high 
rate of the process is explained by the 
high mobility of hydrogen in palladium and 
by the smallness of the linear dimensions 
of the particles of palladium black (some 
hundreds of {ngstrom). 

The rapid absorption of hydrogen in 
palladium black enabled us to measure the 
isotherm of hydrogen absorption in palla- 
dium at -78°. Fig. 1 contains the results 
of three series of measurements. 

The initial part of the curve corres- 
ponds to the a-phase of the solid solution 
hydrogen-palladium after which there 
follows the horizontal section of the two- 
phase region and finally the sharply upward 
rising part of the curve corresponding to 
the B-phase of the solid solution. The 
pressure at which the phase transition 
takes place is 0,015-0.018 mm Hg, The 
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amount of hydrogen dissolved at this pressure 
in the B-phase is equal to 70-71 n.t.b, 
cm?/g Pd. With a pressure of 13 mm kg the 
amount of dissolved hydrogen is about 82 


3/g pa _ 
n.t.b, cm?/g 


10 20 30 40 50 


Fig. 1. The Y-axis — the logarithm of *te 
pressure in mm mercury colum. The X-axis - the 
amount of absorbed hydrogen in n.t.b. cm?/0.5 g 
palladium. 


At -120° and a pressure of about 15 mm Hg 
the amount of dissolved hydrogen reached 86 


n.t.b. om?/g Pd = 08): 
The data given here refer to the isotherm 


of hydrogen absorption in palladium, The 
horizontal section on the curve of the 
liberation of hydrogen from palladium must 
correspond to a much lower pressure, since 
hysteresis, the relative value of which 
increases with a decrease in temperature, 
takes place in the two-phase region, The 
indeterminacy connected with hysteresis in 
the magnitude of the true equilibrium pres- 
sure of the phase transition makes the cal- 
culation of the heat of the phase transition 
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at low temperatures difficult. 

At -196° a very slow absorption of hydro- 
gen is observed. Tests carried out in a 
closed system containing a given quantity 
of hydrogen and palladium show that in the 
course of two days the absorption of hydro- 
gen was still continuing. The concentra- 
tions of hydrogen dissolved in the palladium 
during this time remained lower than the 
concentrations at -78° and at the same 
pressures. From this it follows that the 


hy drogen-palladium system was still far from 
equilibrium, since the solubility of hydro- 
ger in palladium must increase with the 


decrease in temperature, 


Translated by J, Murray 
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THE MAGNETO-OPTICAL PROPERTIES OF IRON, 
NICKEL AND COBALT IN THE ULTRA-VIOLET REGION* 
@.S. KRINCHIK and I.S. STROGANOVA 
The M.V. Lomonosov State University, Moscow 
(Received 26 May 1958) 


To expand the range of frequencies in which investigated, magneto-optical measurements were 
the dynamic properties of ferromagnetics are carried out in the ultra-violet part of the 


TABLE 1 


5 x 10? 


Metals 


p=45° | p=70° 


0. 76 0.55 
2. 20 2. 86 
4.10 7.39 


1.38 1.10 
2.83 2. 83 
2.96 4. 86 


1.79 
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2. 34 
3. 24 
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4.02 
4.63 
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4.52 
5.77 
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1959 546 1:72 -0. 57 
1.89 0.02 
Ni 2.58 0.57 -0.11 
435 Co 3. 0C 1.65 -0. 44 
Fe 2. 85 0.94 0. 25 
Ni 2.46 2.15 0.74 -0.07 
407 Co 2.94 2.98 1.53 -0. 36 
Fe 2.78 3.16 1.07 0.07 
Ni 3.38 0.87 -0.05 
365 Co 3.13 1.16 -0.12 
Fe 2.97 1.02 -0.09 
Ni 3.68 0.80 0. 00 
335 Co 4.43 1.15 0.09 | 
Fe 3.54 1.12 -0.13 
Ni 1.83 3.14 0. 34 0.31 | 
313 Co 2.35 4.35 1.36 -0.03 
Fe 2. 26 3.68 1.04 -0.07 
Ni 1.80 2.38 0.08 0.45 
303 Co 2. 30 4.80 1.09 0.24 
Fe 2.20 4.36 1.17 -0.05 
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spectrum, The effect of the variation in the 
intensity of reflected light was measured 
with the reversal of the magnetism of the 
specimen both in the visible and the infra- 
red regions [{1, 2]. ‘The apparatus was 
assembled according to the plan given in 
the work [1], but instead of the photo- 
resistances FSK-1, the photomultiplier FEU-18 
and the photocell STsV-4 were included. The 
spectrograph ISP-22 with a mercury -quartz 
tube PRK-4 served as a monochromator, The 
nickel and cobalt specimens were polished 
mechanically and fixed between the tips of 
smal] electromagnets. For the measurements 
on Armco-iron part of the surface of the 
magnetic circuit was polished and it served 
as a specimen, For Fe, Co and Ni we 
obtaiaed graphs of the dependence of the 
effect on the current in the magnetizing 
windings in the region of visible white 
light, which are curves of the type of 
technical magnetization curves, The 
results obtained in the region of magnetic 
saturation for several] intensive mercury 
lines are given in Table 1. The values 
Mand MW. are calculated from the formulae 
obtained in work [1], the values for the 
optical constants are taken from work [3]. 
When the research was planned it was 
expected that measurements in the ul tra- 
violet region would enable the resonance 
effects connected with the electron tran- 
sitions between the d- and s-strips to be 
observed. According to Argyres’ analysis 
[4] the resonance must correspond to the 


energy, equal to 4 eV, i.e. to the wavelength 
A= 0.31. On the other hand, the experi- 
mental data on the discrete energy losses of 
the electrons in the metals give much higher 
values for the transition energy [5]. It is 
seen from the table that although the measured 
effect in the majority of cases increases with 
the advance into the ultra-violet region, the 
magneto-optical parameter does not detect a 
clear resonance right up to A= 0.3p. It is 
possible that for nickel in the region A= 

0. 35-0. 3 it comes near to a resonance, since 
the magnitude M, falls sharply here and My 
changes its sign, but for definite conclusions 
data for much shorter wave-lengths must be 
obtained. Since the measured effect does not 
fall and even increases with the reduction in 
the wave-length, it is to be hoped that it 

will be possible to carry out “magneto-optical” 
measurements in the vacuum ultra-violet VO: 
region and even on X-ray wave-lengths, 7 


Translated by J, Murray ia 
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ON THE PROBLEM OF DETERMINING THE DEGREE OF PERFECTION 


OF THE TEXTURE 


IN POLYCRYSTALLINE FERROMAGNETICS 


2. THE USE OF THE FUNCTION p(y) TO EXPLAIN 
SOME EXPERIMENTALLY OBSERVED LAWS 
I.P. KUDRIAVTSEV 
The S.M. Kirov Polytechnical Institute in the Urals 
(Received 10 February 1958) 


In previous work [1] an analytical 
expression was found for the function p(y) 
which characterizes the degree of perfec- 
tion of the texture of cold-rolled electro- 
technical steel. This gives reason to 
suppose that by using the function p(y) it 
is possible to explain the behaviour of the 
harmonic amplitudes of torque curves with 
the transition from one type of steel] to 
another, 

To obtain a greater community of results 
we will not go into the concrete form of the 
function p(V). 

1. A comparison of the shape of the 
function p(Y) obtained using the harmonic 
amplitudes of the momentum curves and the 
optical method. Figs. 1 and 2 represent 
graphs of the function p(y) for the best 
(Fig. 1) and the worst (Fig. 2) types of 
cold-rolled electrotechnical steel, obtained 
using the harmonic amplitudes of the torque 
curves and also the optical] method. 

To calculate the coefficients of the 
trigonometric series the following values for 
the constants of crystallographic anisotropy 
[2] were used: k, = 32 x 104 erg/cm3; ko = 
-15.5 x 104 erg/cm?; kz = 15 x 104 erg/cm3 
(3 wt. % Si); the values for the harmonics 
A, Ay, A, and A, are taken from the table 
given in work [1]. The reason for the 
appearance of additional maxima (Fig. 1), is 
obviously explained by the large error in the 
experimental determination of A, and A, and 
also from the discontinuity of the series 
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Fig. 1. Graphs of the function p(Y) for the best 
type of cold-rolled electrotechnical steel, which 
were obtained by using the harmonic amplitudes of 
the momentum curves (thick line) and by using the 
optical method (dotted line). The harmonic com- 
ponents of the series (15) are shown as thin lines. 
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Fig. 2. The same as in Fig. 1, a, for the worst 
type of cold-rolled electrotechnical steel. The 
notation is the same. 
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(15) [1] at the fifth tern. 

2. The variation in A, and A, depending on 
the change in the shape of the function 
p(y). As is seen from the table given in 
[1] the harmonic amplitudes A, and A 
decrease hy an absolute value with the 
growth of the spread of the tetragonal grain 
axes relative to the direction of rolling, 
while the value of A, decreases more rapidly 
than A,. 

For a theoretical] basis of this law it is 
necessary to establish how the integral 


je (y)cosnydy (for n = 2 and n = 4) behaves 


with an increase in the spread of the 
tetragonal axes relative to the direction of 


rolling. 
The parameter o determined in the following 
manner can be a characteristic of this 


spread: 


Here m; is the mass of the ith grain of the 
specimen; Y;- the angle between the tetra- 
gonal axis of the tth grain and the direc- 


tion of rolling (Fig. 1 in work {1)), 


Vi 


Using (1) it is possible to determine 


experimentally the value of ag. In the 
tests y#0, since the direction of rolling 
in the specimen was not established 


accurately. Otherwise: 


On the other hand 7 can be inserved in 
the following manner: 


(1) dy- (2) 


Since p(y) as the test shows has a value 


n 
different from zero only when W<G> then 
using the generalized theorem on the 


average condition for the normalization of 
(1) and (2), it is possible to show that 


P (1) cos nydy = cos ns. 


Consequently with small values of a, 


An = nb, cos ns. 


a, degrees 
8 12 


2X» 


4, (10°), erg/om> 


= 


19 


Fig. 3. Graph of A, (curve 1) and A, (curve 2) 
against o, obtained experimentally on indus- 
trial specimens of cold-rolled, steel. 


Fig. 3 contains the experimental rela- 
tionship between A, and A and «o. It follows 
from (4) that the value of A, must display a 
greater dependence ono as compared with A., 
This conclusion agrees with the test. Apart 
from this, the value of o, found by using 
(4) where the curves for A, and A, intersect 
(c= 13°), approaches that observed in the 
test. 

3. The dependence of A, and A, on o obtained 
from a model of cold-rolled electrotechnical 
steel. Using (4) it is possible to explain 
the behaviour of A, and A, depending on o in 
the case of a model of cold-rolled electro- 
technical steel, The construction of such a 
model is justified by the peculiarities of 
the crystallographic texture of cold-rolled 
electrotechnical stee] 3]. 

The mode] consists of two similar single- 
crystal] disks superimposed on each other 
with the following crystallographic 
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orientation: the plane (110) corresponds 
with the plane of the sheet, the direction 
[100] corresponds with the direction of 
rolling. A model of this kind enables us 
to study how A, and A, vary with the varia- 
tion in the angle @ between the tetragonal 
axes of the disks. 


erg/cm? 


40 60 80 109 
6, degrees 


Fig. 4. Graph of the value A, and A, against @, 
obtained experimentally on a model of cold- 
rolled steel. 


Fig. 4 contains the dependence of A, and 
A, on the angle @ which form between them the 
tetragonal axes of the single-crystal disks, 
Since, according to (1) in the given case 


es a then from (4) it is possible to 


understand the behaviour of A, and A, 
depending on @ including also the change of 
sign in A,. 

As far as theharmonic amplitude of A, and 
A, are concerned, the error in their experi- 
mental determination can reach 50-70 per 
cent. For this reason it is difficult to 
make any conclusions from the data to hand 
on the dependence of A, and A. on @. 

The author takes the opportunity of thanking 
V.I. Arkharov and A.D, Viglin for their 
discussion of the results and their valuable 
advice, 

Translated by J, Murray 
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THE TEMPERATURE DEPENDENCE OF THE 
ELECTRICAL CONDUCTIVITY OF LEBOITE 
V.N. IGISHEV and P.V. GEL’ D 
The S.M.Kirov Polytechnical Institute in the Urals 
(Received 7 June 1958) 


The electric resistance was measured by the 


The study of the structural, thermophysical 


and electrical properties of leboite usual potentiometer method, The electric 
subjected to different thermal treatment contact of the current and the potential 
showed [1] that it can exist in two modifi- terminals was made using an impulse weld, 
cations: low-temperature €B and high- The heating of the specimens was carried 
temperature a. The first of these, which out in a tubular resistance furnace in an 
is stable below 950°C, is characterized by atmosphere of purified nitrogen, 
semiconductor properties. The second, 4 ' 

judging from the data obtained in the in- / 
vestigation of quenched specimens, possesses eS. 7 

metallic conductance, The transition of the = 

leboite from one state to another is accom- 3 ue 


panied by catastrophic changes in the conduc- 

tance, and the thermo-e.m.f. of the Hall 

constant, Unfortunately this information 

on the nature of leboite was obtained from ~ 

measurements which were taken only at room 5 

temperature, 


The present article uses data obtained 
from the study of the specific electric 
resistance of leboite (both in the stable 
and quenched states) in a sufficiently wide 
temperature range (20-1000°C), 

The alloys were prepared from silicon 0 
containing not more than 0.03 per cent 
impurities, and electrolytic iron, For 
comparison one sample was smelted from 


i : silicon r-0 +f 10° 
commercial materials on type K 05 rE 25 Os TR 
and transformer iron. The specimens ; 
(cylinders 3 mm in diameter and 50 m in Fig. 1. The effect of temperature on the specific 


height) were prepared by sucking the melt conductance of leboite: 

into quartz tubes, Part of them (for the 1, 2-52% 8i; 3, 4-54% Si; 5, 6-56% Si; 7, 8-53% 
stabilization of the B-leboite) was Si; the odd curves - the quenched alloys; the 
annealed for 20 hr at 800°C; and part even curves - the stabilized alloys. 

after homogenizing annealing at 1100°C was 
quenched ensuring the fixation of the 
a-leboite [2]. 


The results of the measurements are repre- 
sented in the semilogarithmic system of co- 
ordinates log o- (1/T)10? (Fig, 1). The 
even-numbered curves (situated in the lower 
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part of the graph) describe the relationship 
between the temperature and the conductance 
of stabilized specimens, the odd-numbered 
curves characterize the electrical 
properties of quenched specimens, 

The first group of curves (even-numbered) 
shows that the conductance of B-leboite 
rapidly increases with a growth in the 
temperature, The comparatively large 
specific resistances and the positive tem- 
perature conductance coefficient together 
with the previously established large 
values for the thermo-e.m,f, and the Hall 
constant, emphasize the semiconductor 
nature of B-leboite. 

At low temperatures impurity conductance 
takes place, the role of which diminishes 
as the temperature increases. For the 
alloy with a composition near to pure 
leboite (curve 4), the width of the energy 
gap at room temperature is about 0.2 eV and 
shows little sensitivity either to the 
silicon content (curves 2, 4, 6) or the 
impurities (curve 8), As the temperature 
increases the slope increases and near the 
maximum stability temperatures of the P - 
leboite the width of tne energy gap reaches 
QE = 1.0-1.3 eV. The value of AF was 
evaluated in a narrow temperature range; it 
is very desirable to make more accurate 
determinations, but there are several 
difficulties; in the first place, the for- 
mation of B-leboite by a peritectoid reac- 
tion (which makes it difficult to obtain 
physically pure samples), and the tempera- 
ture of its decomposition is low, 

As is seen from curves 2 and 4, near 
950°C a resistance jump is observed (8 +a) 
after which the relation between the tempera- 
ture and the conductance is of the 
metallic type. 

Even at room temperatures [3] o varies 
with the composition according to the law of 
extremes reaching a minimum near the composi- 
tion which corresponds to the B-leboite 
(curve 4). 

The second group of curves (odd) indicates 
the metallic nature of the conductance of 
a-leboite. Its specific resistance is 
relatively sma]] (at room temperature approxi- 
mately four times Jess than in f -leboite), 


and the temperature coefficient is small and 
positive, This to a similar degree refers 
also to the specimens prepared from pure (curves 
1, 3,5) and also from commercial materials (curve 
7). With an increase in the silicon content the 
conductance al though weak, regularly diminishes. 

Quenched a-leboite is sufficiently stable 
up to temperatures close to 600-650°C, At 
higher temperatures its decomposition is 
clearly observed accompanied by the separa- 
tion of the B-leboite and silicon and also 
by a sharp increase in the specific resistance, 
Naturally, this process develops at lower 
temperatures the greater the isothermal 
soaking. What has been said can be illus- 
trated on the one hand by curve 3 taken during 
Slow heating, and by curves 1, 5 and 7 which 
refer to conditions of a more rapid increase 
in temperature, It must be noted that in 
all cases the rate of the a - § transforma- 
tion increased sharply near 750-800°C, which 
agrees with previously described data, 
a from dilatometric investigations 
4}. 

Finally, we notice that as a result of 
the completion of the decomposition of the 
a*leboite the odd isotherms fuse with the 
even (near 800°C), as a result of which the 
conductance jump is replaced by a rising 
branch with a negative temperature resistance 
coefficient, 


Translated by J, Murray 
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It is known that at a temperature of about 
114°K magnetite undergoes a transformation, 
the nature of which has not been completely 
explained. At this temperature anomalies in 
in the thermal [i, 2], magnetic [3, 4], 
electric [4], magneto-resistance [4, 5] and 
other properties are observed [6, 7]. To 
explain the mechanism of the low-temperature 
transformation of magnetite a hypothesis was 
put forward on the electron ordering of 
bivalent and trivalent iron ions, arranged in 
the octahedral sites of the inverse spinel 
lattice [8]. This hypothesis is apparently 
supported by the latest X-ray-[9] and neutron- 
diffraction [10] studies of magnetite in the 
region of low-temperature transformation. 

The aim of the present work is to study the 
temperature dependence of the thermoelectric 
properties of magnetite in the region of 
low-temperature transformation and above — 
to 400°K,. 

The thermo-e.m,f. of magnetite was measured 
on six single-crystal specimens of natural 
magnetite. The specimens 1, 3, 4 and 6 were 


THE THERMOELECTRIC PROPERTIES OF A SINGLE-CRYSTAL OF 
MAGNETITE AT LOW-TEMPERATURE TRANSFORMATION* 
A.A. SAMOKHVALOV and I.G. FAKIDOV 
The Institute of the Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 21 May 1958) 


cut from one octahedral single-crystal of 
magnetite, and the specimens 2 and 5 from two 
other single crystals of magnetite. All the 
specimens were in the shape of small slabs 
8.15 x 5.60 x 2.15 mm (specimen 4) and 9,20 x 
7.00 x 2.10 mm (specimen 6) in size; the 
other specimens had approximately the same 
dimensions, 

The measurements were made in the range 
from the temperature of liquid nitrogen to 
400°K in a cryostat similar to that described 
in [12]. The temperature difference on the 
specimen was created with a furnace on a 
copper block to which the specimens were 
soldered, The temperature of the junctions 
was measured by the compensation method with 
copper-constantan thermo-couples. 

The preliminary tests established that the 
coefficient of thermo-e.mf,. a, did not 
depend on the difference in the temperatures 
of the junctions for AT> 1°. With the 
measurements in the region of the temperatures 
of liquid nitrogen the difference in the 
temperatures of the junctions was 3-5°, and at 
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The temperature curve of the thermo-e.m.f. coefficient 
for a single-crystal of magnetite (specimen 1). 
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‘higher temperatures 8-10°. The accuracy of 
measuring the coefficient of thermo-e.m, f, at the 
temperature of liquid nitrogen was about 15 per 
cent andat higher temperatures 5-8 per cent, 

The result of measuring the thermo-e.m. f, 
in a single-crystal of magnetite (specimen 
1) in the range 90-400°K is shown in Fig. 1. 
In this range the thermo-e.mf. has a 
negative sign which corresponds to the 
n-type conductivity of magnetite. It is 
seen from the graph that in the region of 
room temperatures the thermo-e.m.f. coef- 
ficient (a = f(T)) varies slightly and 
then increases as the temperature drops, 
reaching a maximum and then it diminishes 
again, More detailed measurements of the 
thermo-e,m, f. on other specimens showed that 
the maximum dependence is found at the 
temperature 95 + 0,5°K, 

Fig. 2 shows the results of parallel 
measurements of the thermo-e.m,f, and the 
electric resistance of magnetite (specimen 
6) in the region of low-temperature trans- 
formation depending on the temperature, 


a and 1n p’are plotted on the Y-axis as the 
3 
function 
From a comparison of the curvesa and In p 


it is possible to see that the position of the 


Qa. 

~ 
6 


8 
i 


Thermo-e. m. f. factor kv/° 
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maximum of the thermo-e.m.f. coefficient (T = 
= 95°K) coincides with the break (8) in thecurve 


1 
Inp 5 5 on the transition to temperatures lying 


below the region of the low-temperature 
transformation, .The beginning of transfor- 
mation region as is seen from the break (A) 


in the curve Inp (—)in Fig. 2 takes place at 


the temperature 114 + 2° K. A similar 
correlation is observed from measurements on 
the other specimens of magnetite, The 
measured permeability HB of this specimen 
has a jump at the temperature 109 + 2° k, 

The results obtained for the temperature 
dependence of the thermo-e,mf. coefficient 
obviously cannot be explained on the basis 
of the zone theory of semiconductors as a 
result of the low mobility of the electric 
current carriers [11] and of the mechanism of 
the conductance of magnetite which is dif- 
ferent from that of usual semiconductors [8]. 
Thus it can be stated: 

1. The temperature curve of the thermo- 
e.m.f, coefficient in magnetite has a maximum 


‘in the region of low-temperature trans for- 


mation at the temperature 95 + 0.5°K. 


2. The position of the maximum of the 
thermo-e,m,f, coefficient coincides with the 


The thermo-e.m. f. coefficient and the electric resistance 
of a single-crystal of magnetite in the region of 
low-temperature transformation (specimen 6). 
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l 
break B on the curve In (Jon the transition 


to the region lying below the temperature 
region of transformation, 

3. The results given and also their com- 
parison with the results of other works [1-10] 
show that the low-temperature transformation 
in a single-crystal of magnetite, connected 
with the electronic ordering, occurs over a 
considerable temperature range. 


Translated by J, Murray 
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THE STABILITY OF CEMENTITE WITH HEATING* 
G.T. FOMIN 
The Zhdanovskii Metallurgical Institute 
(Received 14 May 1957) 


1, The cementite was obtained by 
dissol ving filings from steel U12A in 10% 
aqueous solution of hydrochloric acid at a 
temperature of -10°. The remaining 
precipitate was washed with cold distilled 
water, filtered, removed from the filter 
to a glass tube and dried at first at 100° 
and then at 250° for 2 hr. The chemical 
analysis of the powder obtained showed the 
presence of 6.62% C in the cementite. 

The stability of the cementite on heating 
was studied hy the following methods: (1) 
the simultaneous recording of the thermal 
and magnetometer curves; (2) the simul- 


taneous recording of the dilatometer and 
magnetometer curves and(3) a study of the 


microstructure, 

For the investigation hy the first 
method the cementite powder was poured 
into a quartz tube one end of which was 
sealed and for the second method it was 
placed in a dilatometer tube. 

A chromel-alume] thermocouple was used 
for recording the thermal curves. A 
spiral of nichrome wire 0.5 mm in diameter, 
which was wound around the quartz tube 
containing the specimen, served as an 
indicator during the recording of the 
magnetometer curves, The thermocouple and 
the nichrome spiral were connected to the 
loop of the oscillograph, The indicated 
curves were recorded on photographic 
paper, which was put on a rotating drum. 

The specimens which were prepared from 
cementite powder were heated in a tubular 
electric furnace with a spiral strip 
heater, When heated in a nichrome spiral 
an alternating current is produced the 
amplitude of which under other similar 
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conditions will vary only in relation to the 
variations in the magnetic properties of the 
specimen. By recording the sine curve of 

the amplitude variations in the alternating 
current in the nichrome spiral, it is 
possible to make estimates of the variations 
in the material under investigation, and 
consequently of the transformations in it, 
The results of our tests showed that this 
method is sensitive to a very small] variation 
in the magnetic properties of the material 
under investigation, In the present work the 
amplitude variations in the alternating 
current are shown in the form of two con- 
tinuous curves, which are drawn through the 
upper and lower amplitude peaks. 

2. For the investigation with the simul- 
taneous recording of the thermal and magneto- 
meter curves, the specimen prepared from 
cementite powder was heated,in succession to 
300, 400, 500, 600, 700, 800 and 910°, 
soaked at each temperature for 1.5 hr and 
after soaking cooled together with the 
furnace to room temperature, The thermal and 
magnetometer curves of all heating of cemen- 
tite to 800° inclusively disclosed in it no 
variations. Fig. 1 shows the thermal and 
magnetometer curves for heating the specimen 
to 910° and soaking at this temperature for 
1.5 hr, and the curves of the cooling after 
this heating are shown in Fig, 2. The 
magnetometer curve in Fig, 1 shows the same 
picture as for heating at much lower 
temperatures. Om this curve the decrease in 
the alternating current amplitude after 
heating the powder to 210° is clearly notice- 
able and this is connected with the tran- 
sition of the cementite from the magnetic to 
the non-magnetic state, The thermal curve 
in Fig. 1 has a small] bend at 900°, which 
indicates the beginning of the transformation 
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in the material under investigation, In 
Fig. 2 the thermal curve for the cooling of 
the specimen distinctly shows the bend at 
700°, and the magnetometer curve graphically 
illustrates the gradual increase in its 
magnetic properties on cooling from 700 to 
550°. This indicates that as a result of 
heating to 910° and 1.5 hr soaking at this 
temperature the cementite began to decompose 
forming austenite. 


10 2 


Fig. 1. The thermal and magnetometer curves for 
the heating of cementite to 910° and soaking at 
this temperature for about 1.5 hr. 


30 
t,min 
Fig. 2. The thermal and magnetometer curves for 


the cooling of cementite after heating to 910° 
and soaking at this temperature for 1.5 hr. 


3. To study the stability of cementite by 
the dilatometer and magnetometer method the 
specimen was heated to 520, 620, 720, 840, 
900 and 1000° in succession, was soaked at 
each of these temperatures for about 1.5 hr 
and after each soaking it was cooled 
together with the furnace to room tempera- 


ture. A simple (not differential) dilatometer 
was used. 

The dilatometer and magnetometer curves of 
all heating of the specimen to 840° inclusively 
are Similar and do not show variations in the 
heated material. The dilatometer curve is 
linear and the magnetometer curve shows the 
transition of cementite from the magnetic to 
the non-magnetic state at 210°. 

When the specimen is heated to 900° and 
soaked at this temperature for 1.5 hr the 
variation in the magnetic properties of the 
specimen was the same as was observed when it 
was heated at lower temperatures. The dilato- 
meter curve shows that heating to 900° and 
soaking at this temperature for 11 min does 
not change the length of the specimen, but a 
further increase in time at the same tempera- 
ture leads to a gradual decrease in its 
length. Repeated heating to 900° with 30 min 
soaking showed that as a result of the first 
heating at 900°, the specimen became weakly 
magnetic in the temperature range from room 
to 720°, and the dilatometer curve of this 
heating was in genera] the same as that 
described previously, 
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Fig. 3. The dilatometer and magnetometer curves 
for the third heating of cementite to 900° and 
soaking at this temperature for 32 min. 


Fig. 3 contains the curves of the third 
heating of the specimen to 900° with a 32 
min soaking at this temperature, The mag- 
netometer curve for this heating shows the 
characteristic bends at 210 and 720°, The 
dilatometer curve of Fig. 3 shows that on 
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heating to 650° the length of the specimen 
continually increases, but with a further 
increase of the temperature to 900° it 
remains almost constant. 
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7000800700 


Fig. 4. The dilatometer and magnetometer curves 
for the heating of cementite to 1000° and for 
the subsequent cooling. 


Fig. 4 shows the magnetometer and dilato- 
meter curves of heating the specimen to 1000°, 
This figure also includes the dilatometer 
curve for the cooling of the specimen, The 
magnetometer curve in this figure has the 
characteristic bends at 210 and 730°, The 
dilatometer curve of this heating of the 
specimen shows the same regularity as in the 
third heating to 900° (see Fig.3). The 
difference consists only in the fact that the 
absolute value for the elongation of the 
specimen when heated to 650° on the curve in 
Fig. 4 is greater than on the curve in Fig. 
3. The dilatometer curve for the cooling of 
the specimen after heating to 1000° dis- 
tinctly indicates the bend at 720°, which 
points to the eutectoid transformation in the 
specimen, 

The results of the investigation show that 
isolated cementite is sufficiently stable in 
the temperature region below 900°, but at 
900° and above it decomposes into austenite 
and graphite at a greater rate the higher the 
temperature, 

Translated by J, Murray 
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AN EVALUATION OF THE VACANCY CONCENTRATION 
INTERNAL FRICTION METHOD * 


BY THE 


IN GAMMA-1RON 


M.A. KRISHTAL 
The Tul’skii Mechanical Institute 
(Received 28 February 1958) 


Internal friction peaks at low temperatures 
in interstitial solid solutions in body- 
centred metals are connected with the 
diffusion redistribution of dissolved atoms 
under the action of applied forces [I]. 

Atoms of carbon dissolved in alpha-iron are 
situated at octahedral sites and they produce 
distortions which have a tetragonal symmetry. 
In the absence of stress the axes of the 
distortions are equally distributed between 
three directions [100], [010] and [001]. 

Tension applied along one of these direc- 
tions causes a redistribution of the atoms 
whereby the axes of the tetragonal distor- 
tions are directed along the line of action 
of the stress, which is thereby partially 
removed. The variation in the deformation 
is retarded in relation to the variation in 
the stresses and this gives rise to intemal 
friction. Carbon atoms situated in vacancies 
do not lead to tetrahedral distortions and 
can produce internal friction peaks only in 
great concentration. With a small] carbon 
concentration the peaks are absent, which was 
shown to be caused by the adsorption of 
carbon atoms in the imperfections of the 
crystals [2]. For this reason it seemed 
probable that the supersaturation of the iron 
with vacancies would result in the lowering 
of the interna] friction peaks. The calc- 
lation of the concentration of carbon which 
had passed into the vacancies will] make it 
possible to evaluate their concentration in 
the specimen. 

It is known that with an increase in the 
temperature the number of vacancies in the 
metals increases. An investigation was 
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carried out on wire specimens of Armco-iron 
0.5 mm in diameter and 320 mm long, quenched 
from the temperatures 1250 and 1370°, i.e. 
from the gamma-state. The heating was 
carried out in quartz ampoules of small 
diameter evacuated to a pressure of 107° mm 
Hg. They were quenched with the ampoule in 
cold water. The metal contained 0.013% C, 
0.02% Mn, 0.008% P, 0.023% S and traces of 
Si. 

It was supposed that the vacancies which 
were produced by heating were filled with 
carbon atoms. The specimens were soaked at 
1250 and 1370° for 40 min each, which is 
sufficient for the diffusion of each carbon 
atom through distances which even exceed the 
diameter of the specimen. For this reason 
the probability for the atoms to meet 
vacancies is high, the more so because at 
such temperatures the vacancies are 
arranged on the average between 10 and 20 
interatomic distances in any direction in 
the crystal] lattice. The vacancies which 
form in the quenching process during the 
Y — @ transformation are not filled with 
carbon atoms because the cooling lasts 
about a second, It seems probable that the 
vacancies formed at a high temperature 
would be “marked’’ by carbon atoms, 

The results of measuring the internal 
friction on a torsion pendulum with an 
oscillation frequency of 1.35 c/s are given 
in Fig. 1. The curve for unqueched Armco- 
iron of the same composition, derived from 
[2] is also included. The internal friction 
peaks decrease with an increase in the 
quenching temperature. 

The table gives the results of computing 
the experimental] data on the appearance of 
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TABLE 1 
The carbon concentration in solution and in yacancies 


Increase 


Quenchin Peak Vacancy |in electric 

height concen- resistance 
1 4 Jin solution} in vacan- | with 

tg quenching 


(wt. %) cies (wt. %)| (atm %) 


(ohms. ) 


Unquenched| 0.00560 0. 0056 - = 
1250 0. 00162 0.00162 0. 00398 0.0186 0. 0312 


1370 0.00022 0.00022 0. 00538 0.025 0.0821 


tion is in accordance with the increase in 
the electric resistance on quenching, 

The values obtained for the vacancy concen- 
tration are comparable with the data in work 
[4] where it is shown that other face-centred 


carbon which is in solution and which has 
migrated to the vacancies, based on the 
data from [2, 3]. 


7 ° pa metals — gold and platinum — at mel ting point 
Livwls have about 0.1 atm % of vacancies. 
The author thanks Professor Finkel’ - 
40H ss shtein for making it possible to measure the 
IO¥ \ ® intemal friction in his laboratory. 
unquenched 
1370 Translated by J, Murray 
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INDICES FOR THE BRITTLENESS 


OF HIGH - MELTING COMPOUNDS* 
A.N, PILIANKEVICH and I.N. FRANTSEVICH 


The Institute of Metal Ceramics and Special Alloys of the 
Academy of Sciences of the U.S.S.R. 


(Received 22 July 1957) 


The solution of the problems of modem 
jet-propulsion and rocket techniques cannot 
be ensured by the use of the customary 
metallic heat-resisting materials, This 
explains the increased interest in the 
investigation of high-me]lting compounds 
(carbides, borides, silicides, nitrides), 
which can serve as a basis for the produc- 
tion of super heat-resisting material, The 
basic physical properties of these compounds 
(mechanical, thermal, crystal-chemical) have 
received little study and for this reason 
the investigation of the heat-resisting 
compositions on their basis has an empirical 
nature, 

As a result of numerous investigations it 
was noticed how very promising were the 
compositions based on titanium carbide, sili- 
con carbide, boron carbide and some borides, 
silicides and among them in the first place 
molybdenum disilicide, carbosilicides and 
other compounds which are related in their 
crystal chemical characteristics to the 
Novotny phases, nitrides (silicon nitride 
and boron nitride) and finally the high- 
melting oxides (Al ,0 Zr0,, BeO etc). 

Fig. 1 illustrates the ratio of the 
indices of the long term strength at 1000° 
for some heat-resisting metallic and 
powder-metallurgical compositions. The 
overwhelming majority of the super heat- 
resisting powder-metallurgical materials is 
highly heat-resistant and abrasion- 
resistant, 

All super heat-resisting powder 
metallurgical compositions are brittle. 

Their resistance to thermal impact is also 
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not satisfactory. These two deficiencies are 
decisive in the evaluation of the suitability 
of these materials for the preparation of 
thermally stressed machine parts for energy 
or propulsion purposes, 
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Fig. 1. Curves of the long term strength at 1000°C 
for certain heat-resisting materials. The dotted 
curves give the values reduced to density 8: 

1 - borolite 111-100; 2 - borolite 1; 3? - borolite 
111-500; 4 - covered with molybdenum; 5 - ceramet’ 
on a titanium carbide base; 6 - heat-resisting 
alloy on a cobalt base [3]. 


The tendency to brittle fracture and the 
insufficient resistance of these materials 
to thermal impact is connected with the fact 
that their breaking strength is not sufficiently 
high and for this reason their resistance to 
normal tensile stresses is poor, 

The effect of brittleness on the operational 
properties of super heat-resisting materials 
can be neutralized ly the introduction of 
metallic and non-metallic impurities which 
heterogenize the structure and increase the 
relaxation capacity of the material, or by 
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designing properly for working parts in terized by decreased breaking strength and 
conditions of compressive stresses, the increased brittleness; the phases with a 
more so in conditions of non-uniform stress complicated fracture structure of the block 
states, type (B-SiC, ZrC, TiC) must be less brittle. 
However the problem of using super heat- 
resisting compositions in machine construc- 
tion can be effectively solved by investiga- 
ting the ways of making the fundamental 
supporting structural component ductile, 
For the rational development of the 
investigations in this direction it is 
necessary first of all to obtain sufficiently 
clear and unambiguous appraisable indices for 
the brittleness of the investigated materials 
in pure phases and variable composition 
phases, The present investigation was 
devoted to a solution of this problem. 
For the comparative evaluation of the Fig. 3. Electron photomicrograph of the fracture 
brittleness of different high-melting com- of niobium boride: xX 3300. 
pounds we used the mutually complementary 
method of electron-microscope study of the 
structure of the fractures in these bodies 
and the method of statistical microhardness 
testing. There is a detailed description of 
the method of electron-optical fractography 
in the work [2]. 
Using this method we photographed the 
structures of the fractures of polycrystal- 
line specimens of silicon, P-silicon carbide, 
zirconium carbide, titanium carbide and 
niobium boride (Figs. 2-5). 


Fig. 4. Electron photomicrograph of the fracture 
of zirconium carbide; X 4660. 


Fig. 2. Electron photomicrograph of the fracture 
of the two-phase system B-SiC + Si: A -/[-SiC; 
B-Si; X 3300. 


Fig. 5. Electron photomicrograph of the fracture 


It can be assumed that these phases whose of titanium carbide; xX 3300. 


fracture takes place along the perfect ; 
cleavage planes (Si and NbB,) must be charac- These qualitative but sufficiently graphic 
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phase characteristics find quantitative 
confirmation in the statistical curves of 
comparative brittleness. To construct the 
curves (Fig. 6) we used the method of 
counting the uncracked impressions which had 
been made with the microhardness indentor 
PMT-3 in the crystallite field on a micro- 
section at various loads (expressed as % of 
the total] number of impressions). 


20 30 40 50 60 
load, g 


Replica without fissures 


Statistical curves of the relative 
3- MC; 
5 - Si. 


Fig. 6. 
brittleness: 
4- NbB,; 


The lowest curve, naturally, is 
characteristic of the most brittle among the 
investigated materials (Si), and the highest 
the most “‘ductile”. 

Niobium boride which is more brittle than 
B-silicon carbide and zirconium carbide which 
is more brittle than titanium carbide occupy 
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the intermediate position in the indication of 
the brittleness between silicon and titanium 
carbide. 

In the light of the data obtained a rational 
explanation is found for the opinion based on 
a much larger number of investigations that 
among the metal ceramic heat-resisting 
materials studied up to the present the most 
“ductile” and resistant to thermal impact are 
the compositions with a titanium carbide base, 

Research is being carried out by us using 
the methods described in the present report on 
the classification of the pure phases (of 
high-melting compounds) according to the 
brittleness indices with the object of separa- 
ting from them the number of phases which are 
most promising for the basis of producing heat- 
resisting compositions from the “ductility” 
index and on the other hand — to study the 
plasticizing effect of impurities which make 
up the solid solution in the base of the high- 
melting compounds. 


Translated by J, Murray 


1, R. Kieffer, F. Benesorsky and B. Lux, Planseeber. 
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ON THE PROBLEM OF THE NATURE OF THE "WHITE ZONE"* 


(In connexion with the article by B.I. Kostetskii, I.G. Nosovskii, 
P.K. Topekha, D.I. Trotsik and N.L. Kareta, “The X-ray diffraction 
analysis of the structure of friction surfaces” [4]) 


L.S. PALATNIK, I.M. LIUBARSKII and B.T. BOIKO 
(Received 19 January 1958) 


1, The presence of a “white zone’”’ on the 
friction surface in a whole series of cases 
substantially changes the wear-resistance of 
components. For this reason the interest 
shown by research workers in the problem of 
the nature of the “white zone” is under- 
standable. 

In the wide discussion which has developed 
on this problem, various points of view on 
the nature of the “white zone” have been put 
forward by research workers, In particular 
Kostetskii and his co-workers [i, 2] put 
forward the supposition that the ‘white 
zone” which forms on the friction surface 
depending on the slip rate of the friction 
surfaces, is either a layer of oxides 
(according to BI. Kostetskii’s classifica- 
tion “oxidizing wear”) or a secondary 
quenching structure (thermal wear). 

The statements of Kostetskii and his 
co-workers which have been circulated by 
these authors are unfortunately based only 
on suppositions or on indirect indications, 
and not on direct experimental investi ga- 
tions carried out by modern physical methods, 
or, at least, on the theoretical] evaluation 
of the possibility for the corresponding 
physical-chemical reactions or diffusion 
processes to take place. However the 
hardness, absence of etching, colour, etc., 
have still not determined wnambiguously the 
phase composition and the structure of the 
surface layer of the metal. This substi- 
tution of direct methods of investigation by 
the indirect comparison of the properties 
seems at the present time at any rate 
unconvincing, 
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2. In work [3] using the X-ray diffraction 
analysis of sections of the “white zone” the 
presence of iron oxides which are usually 
easily detected hy X-ray diffraction, was 
not observed. The authors came to the con- 
clusion that B.I. Kostetskii’ s hypothesis 
was incorrect. 

Th¢ principal objections of Kostetskii 
and his co-workers in connexion with our 
article [3] amount to the following. 

(a) In the work [3] only “once more the 
already well-known case that a layer which 
forms in the thermal wear process has a 
quenching structure has been confirmed”, 

(b) Obviously in the work [3] the white 
layer subjected to investigation was the 
layer which forms with thermal] and not 
oxidizing wear. 

We shall] examine both of these objec- 
tions. In our work [3] in the local inves- 
tigation of the sections of the “white 
zone” and the sections of the working 
surface outside the ‘white zone” certain 
previously unknown components of the 
secondary “quenching structure” were 
discovered, Thus, for example, the amount 
of austenite and its lattice parameter in 
the sections of the white zone and outside 
it were different. Further, by annealing 
the “white zone” in a vacuum the separation 
of large quantities of cementite (and not 
oxides or nitrides) from the solid solution 
was discovered by X-ray diffraction. Thus 
it was shown that the great hardness of the 
“white zone’ (despite the large amount of 
austenite) depended not on the absorption of 
oxygen or nitrogen from without, [5] etc., 
but on the emergence of a definite highly 
dispersed heterogeneous structure as a 
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product of the solution of the carbides and 
the subsequent very rapid quenching with 
the separation of the dispersed carbides. 
Finally theoretical ideas are proposed in 
the work by which it would be possible to 
explain the anomalies in the physical 
properties of the white zone which were 
observed: the great hardness and the poor 
etching capacity and others. 

Concerning the second remark hy Kostetskii 
and his co-workers, first of all we notice 
that it seems to us that the classification 
of the different forms of wear depending 
only on the slip rate is inaccurate and very 
diagrammatic, Not to mention all the rest, 
it is perplexing why the increase in the 
temperature of the surface layer (the 
increase in the slip rate) hinders and does 
not assist the oxidation of the metal, 
Irrespective of this, the “white zone” which 
forms in a wide range of slip rates on the 
specimens and on the real components was 
investigated by us, but, as has already been 
said, no oxides in the structure of the 
“white zone” were discovered, 


In answer to us [4] Kostetskii and his 
co-workers advance a new supposition, It 
seems that the oxidizing wear, even in the 
range of slip rates derived from it by 
Kostetskii, arises only from “moderate and 


not large loads”, First of all it must be 
said that this interpretation introduces a 
considerable correction to the former 
statements from Kostetskii. But this is not 
the only point. The load used by Kostetskii 
and his co-workers [4] was equal to 10 
kg/em?, This is a very small load scarcely 
characteristic for machine parts which we 
examined in our work. If this is the 
“noderate load” which Kostetskii has in view, 
then the whole conception worked out by hin, 
must be regarded perhaps as a particular case 
which is not determining the friction from 
the evaluation of the working conditions of a 
whole series of components (including those 
investigated by us). ; 

By itself the idea about oxidizing wear 
would scarcely have aroused objection if 
Kostetskii and others had not attempted to 
fit this idea into a Procrustean bed of slip 


rates and without sufficient foundation to 
extend it to a whole series of actual parts, 
For example this takes place when 

Kostetskii on the basis of experiments 
carried out in conditions of dry friction 
and with small loads comes to the conclusion 
that the oxidizing wear is all important in 
gear transmission, and the anomalously great 
hardness of the “white zone” on the surface 
of real components can be explained by the 
diffusion of oxygen from the air, 

3. To disprove the conclusions of work [3] 
and support his own point of view, Kostetskii 
and his co-workers [4], although with some 
delay, had recourse to X-ray diffraction 
analysis, By itself this resort to direct 
methods of structural analysis should only be 
welcomed, However, in the case in question, 
the authors [4] made some serious errors in 
methods. Thus, for example, according to the 
data in Table 1 (see [4]), at least for three 7 
specimens the oxide FeO arises at 50°, If 19. 
Kostetskii and his companions were to | 
turn their attention to the Fe-0 phase 
diagram, they would be convinced that the 
oxide FeO forms not at 50°, but at a tem- 
perature above 570°, 

Not a word is said in the work on the 
method of measuring the temperature of the 
surface layer, which in the given case they 
obviously determined incorrectly, or on the 
method for determining the amount of 
oxygen in the thinnest surface layer, The 
results of the chemical and X-ray diffrac- 
tion analyses contradict one another, 

Judging from the intensity of the inter- 
ference lines for the oxides in the X-ray 
photographs given, the amount of oxygen in the 
surface layer is several times greater than 
according to the data of the chemical analysis 
(0. 5% 0,). 

Finally the authors [4] do not include 
comparative data for the investigation of the 
structure of the “white zone” and the sections 
of the working surface outside the “white 
zone” (where it is possible the oxides are 
concentrated), And even this instance is of 
paramount interest, Without this, the con- 
clusions about the structure of the “white 
zone” are deprived of persuasiveness, and the 
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experiments, in essence, only confirm the 
well-known truth, that iron in the presence 
of oxygen under certain conditions forms 
oxides, 

As has already been said, there exist 
different points of view on the problem 
of the nature of the “white zone”, To test 
the accuracy of the latter (including the 
hypotheses of Kostetskii) an experiment 
must first of all be carried out correctly. 


Translated by J, Murray 
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CONCERNING THE MEASUREMENT OF OPTICAL CONSTANTS OF METALS* 
L.I. ZHURAVLEVA and M.M. NOSKOV 
“A.M. Gor’ kiy” Urals State University 
(Received 8 January 1959) 


Higher accuracy of measuring optical 
constants of metals is necessary when 
investigations are carried out in the 
infra-red range of spectrum especially 
when determining the number of conduction 
electrons, also in the visible spectral 
range when optical] measurements are used 
for studying invisible surface films on 
metals. One of the efficient versions of a 
polarimetric method of increased accuracy 
was described in work [1]. Subsequently 
the system was improved and used for 
solving the second of the problems men- 
tioned. 

A beam of monochromatic light passes 
through two photographic polaroid light 
filters. The polaroids are at some dis- 
tance from one another but mechanically so 
coupled that they can be rotated simul - 
taneously preserving the parallel positions 
of their vibration transmitting planes. 

When measurements are made in the infra-red 
range, the polaroids are replaced by selenium 
polarizers with the source and receiver of 
radiation chosen accordingly. Four mirrors 
of the meta] investigated are so installed 
between the polaroids that the light reflects 
from each in succession at the same angle 
chosen arbitrarily within the range 45-80°. 
In order to determine and A\(the azimuth 
of restored polarization and the phase 
difference between the polarized components - 
the quantities necessary for calculating the 
optical constants n and X) it is sufficient 
to make measurements for any single angle. 


By uniform rotation of the coupled polaroids 


around the optical axis, the light intensity 
on the inlet slit of the light receiver 
(photoelectric photometer) varies with 
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the angle of rotation according to the law: 
y=A-+ 2B sin*. 2 +Csin* In the 
range 0°< a < 90° three extrema for y = 

a, 6, c are found which can easily be deter- 
mined in arbitrary units of the photometer 
scale. The unknown quantities # and Z\are 
then obtained from the expression: 


tan = (a/c)"*; cos4 A= 
- (a — 6) (c — d) 


(1) 


ac 

Here always a <c (i.e. < 45°) and 0° 
< AQ <90° (with the angle of incidence less 
than the principal angle of incidence). When 
surface films are present, another pair of 
values and are obtained which together 
with % and A render it possible to calculate 
the thickness and refractive index of the 
film (see e.g. [2]). 

If, however, the number of specimens is 
less than four, the missing specimens are 
replaced by standard mirrors (for example by 
gold-coated glass in vacuum), for which the 
the values of and ZA. are specially 
predetermined. ‘The formu! ae quoted below 
serve for calculations when only one or two 
mirrors investigated are available: 


tan tan = cos(3A,+A,)= 


yo 


(2) 
tan Ys tan 4; cos2 43) = 


Tests of the method described hy using 
mirrors of various metals, obtained hy the 
evaporation of meta] in vacuum, have 
proved the perfect recurrence of values of 
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yp and Z for a constant angle of incidence 
in various versions of the procedure (with 
1, 2, 4 Specimens investigated). A good 
agreement has also been obtained for n and 
X calculated for these specimens from the 
measurements for different angles of 
incidence. A series of three readings 

(a, b, c) takes approximately half a 
minute. It was not necessary, therefore, 
to maintain a high stability of voltage at 
the terminals of the source of light. But 
it was much more important that the source 
emitted a fully isotropic non-pol arized 
light. A tungsten incandescent strip or 
point lamps and bright fluorescent 

lamps satisfy this requirement. 

Owing to the fourfold reflection, the 
sensitivity of the apparatus in detecting 
invisible thin films on metallic morrors is 
highly increased so that very thin films of 
19 A can be detected with certainty and 
measured, A vacuum version of the method 


described for investigations of gas adsorp- 
tion by metals has good prospects, 

An appreciable advantage of the apparatus 
arrangement is that no phase compensators 
are included which enables it to be used for 
measuring optical constants of metals in 
extreme regions of the ultra-violet and 
infra-red regions of the spectrum by 
choosing polarizers and receivers of radia- 
tion accordingly. 


Translated by B, Cynk 
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CONCERNING THE REASONS FOR BRITTLENESS OF 
SOME COPPER ALLOYS* 
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(Received 30 December 1958) 


Physica] and mechanical properties of alloys 


which represent polycrystalline solid solu- 
tions with low concentrations of solute are 
greatly affected by the process of internal 
adsorption, i,e., the formation of concen- 
tration irregularities in the alloys owing 
to structural inhomogeneities [1, 2]. The 
concept of internal adsorption, repeatedly 
confirmed by experiments, explains quite 
well a number of special features in the 
behaviour of polycrystalline solid solutions 
in thermal treatment, the formation of 
intercrystalline brittleness in particular. 

It was shown radiographically in the work 
by Arkharov and Skornyakov [3] that anti- 
mony and beryllium, present as separate 
solutes in copper solid solutions, undergo 
positive internal adsorption, that is 
enrich sections of structural heterogenei- 
ties, intercrystalline boundaries in parti- 
cular. In other words they are horophilous’ 
in relation to copper. Being simultaneously 
present in the ternary solid solution based 
on copper, these elements ‘compete’, as it 
were, in undergoing preferential internal 
adsorption which depends on their relative 
concentration (in alloys with 0.2% Sb and 
0.2% Be the adsorption of Be is preferen- 
tial, in alloys with 1% Sb and 0.2% Be, Sb 
is adsorbed). 

Such behaviour of admixtures in ternary 
solid solutions suggests the idea that a 
harmful effect of an admixture on the pro- 
perties of an alloy could be eliminated (or 
at least lessened) by displacing the admix- 
ture from the inter-crystalline zones by 
another, more ‘horophilous’ admixture (which 
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by itself does not produce brittleness in the 
alloy). 

All the above stated obviously concerns 
not only ternary solid solutions but also 
alloys of more complicated chemical and 
phase compositions, e.g. alloy steels in which 
the process of internal adsorption can also 
play an important part in certain intervals of 
compositions and temperatures. The ternary 
solid solutions may however serve as a 
pattern for describing processes which proceed 
in more complex alloys in a more comp] icated 
form, 

Based on these considerations an attempt was 
made to lessen the harmful effect of antimony 
upon the impact strength of copper. 

The evidence is available that an addition 
of Sb (a fraction of one per cent) to Cu leads 
to a sharp drop in the impact strength of the 
alloy [4,5]. With reference to this McLean [4] 
expressed a hypothesis which coincides with 
that expressed earlier in [i]. According to 
this hypothesis, the brittleness of copper 
containing antimony could be caused by ‘‘the 
segregation of Sb atoms within the inter- 
crystalline boundaries without precipitation 
from the solid solution”. 

In that case, by establishing the prefer- 
ential internal adsorption of Be in inter- 
crystalline zones, a full (or nearly full) 
displacement of Sb from these zones could be 
achieved and in consequence the impact 
strength of the alloy with the same content 
of Sb raised, The verification of this 
supposition was the purpose of this work, 

The following alloys were chosen for the 
investigation: (1) Cu + 1% Sb + 0. 2% Be; 

(2) Cu + 1% Sb + 0.4% Be; (3) Cu + 1% Sb + 1% 
Be. The initial purity of copper was 99.99%. 
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Ingots (me] ted under a layer of borax in a 
graphite crucible) were forged to a square 
cross-section and subjected to a homogenizing 
anneal (at 900°C for 35 hr). From the forged 
pieces specimens for the impact strength 
testing were prepared (test bars 60 x 10 x 
10 mm with a semicircular notch 1 mm deep at 
the middle of the length). From the remain- 
ing part of the forged pieces specimens for 
X-ray examinations were made, 

The results of X-ray examinations (by the 
method described in [8, 6] proved that in 
the first series of alloys preferential 
internal adsorption of Sb takes place; in 
the second and third series the internal 
adsorption of Be is preferential. 

The impact strength test bars were sub- 
jected to annealing in an iron container, 
charged with coal, at 600°C for 20 hr. 

Half of the test bars of each series were 
quenched in water, the other half were 
slowly cooled in the furnace (to obtain 
homogeneous distribution of grain concentra- 
tions). 

The second (checking) batch of test bars, 
unlike the first, was smelted in pumped 
out and sealed quartz ampoules (1074-1075 
mm Hg). These test bars were smaller 
(40 x 5 x 5 mm). Their compositions were 
selected to reduce the concentration of 
Be as much as possible preserving its pre- 
ferential internal adsorption. In the 
alloys Cu + 0.2% Sb + 0.2% Be and Cu + 
0.5% Sb + 0. 2% Be preferential internal 
adsorption of Be took place; in the alloys 
Cu + 1% Sb + 0. 2% Be - preferential inter- 
nal adsorption of Sb. 


The results of the impact strength tests 
of test bars of the first and second 
batches showed that the impact strength of 
the slowly cooled test bars does not sub- 
stantially change with the composition; 
whereas the impact strength of harde@med 
test bars in cases of preferential adsorp- 
tion of Sb at intercrystalline boundaries 
was appreciably lowered in comparison 
with that of test bars with preferential 
interhal adsorption of beryllium.* 

Thus, fromthe results reported it is clear 
that the harmful effect of antimony on the 
impact strength of copper can be reduced. ** 
This, firstly, confirms the hypothesis on the 
absorption nature of intercrystalline brittle- 
ness of some alloys and, secondly, opens 
possibilities of influencing properties of 
alloys by changing conditions of physical | 
processes in them which are responsible for 
the properties in question, 
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* The conclusion was drawn not only from numerical 


values of impact strength but also from the shape 


of test bars and appearance of the rupture. 


** Beryllium can probably be substituted by some 
other more easily available element and more 
‘horophilous’ in relation to Cu then antimony 
but this question needs to be further investigated. 
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THERMOELECTRIC PROPERTIES OF MANGANESE PHOSPH!DES* 
V.P. KRASSOVSKIY and I.G, FAKIDOV 


Institute of Physics of Metals, Acad. of Sciences, USSR 
(Received 16 July 1958) 


1. As was established by Guillaud [1] 
manganese-phosphorus alloys with a concen- 
tration of phosphorus from 27.5 at. % and 
higher display ferromagnetic properties at 
temperatures below 25°C, Magnetic trans forma- 
tion takes place in these alloys which as 
stated by Guillaud depends to a great extent 
on the magnetic field intensity [2, 3]. 

Our investigations, however, of electric 
conductivity and magnetoresiStive effects 
conducted with manganese-phosphorus alloys 
in the range of concentrations from 33 up to 
53 at. P % proved that no relation exists for 
these alloys between the temperature of 
magnetic transformations and the magnetic 
field intensity. The Curie point found from 
electric and magnetic measurements for these 
alloys was 22°C, 

The fact that the Curie temperature is 
equal to the value stated was additionally 
confirmed by the results of the thermoelec- 
tromotive force investigated. Moreover, 
the measurements of thermo-e,m.f, also 
provide some information on the nature of 
electron spectra of the alloys in question. 

2. The alloys were prepared from manganese 
subl imed in vacuum and red phosphorus 
(99.9%). The alloys were obtained by heat- 
ing a mixture of manganese and phosphorus 
powders in pumped out quartz ampoules up 
to 650°C, To obtain alloys in a state of 
sufficient equilibrium the ampoules were 
kept in the furnace at the above tempera- 
ture for 50 hr. Cooling of alloys to room 
temperature was carried out in the furnace. 
The alloys thus obtained were subjected to 
chemical analysis in order to determine 
the quantitative content of Mm and to 
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X-ray phase analysis. 

The specimens for measurements were made by 
cutting with an abmsive disk and subsequent 
polishing. The specimens were 8-12 mm long, 
3-5 mm wide, 0.€-1.5 mm thick. 

The thermo-e.m, f. was measured in the range 
between the boiling point of liquid nitrogen 
and 100°C, <A temperature difference of 
10-15°C was created between the ends of the 
specimen hy means of a small heater. The 
junctions of two similar copper-constantan 
thermocouples were tightly pressed to the 
lateral faces of the specimen. 

The thermo-e.m f. of the specimen was 
measured in relation to copper on a compen- 
sating apparatus of sensitivity 107’ V/mm. 
The accuracy of measurement of the coef- 
ficient of thermo-e.m f. q@ amounted to 10 per 
cent. 

3. Two manganese-phosphorus alloys were 
investigated: one containing 40 at. % P and 
the other 46 at. %P. Both are two-phase 
alloys consisting of MnP and MnP phases, 

The results of measurements of the coef- 
ficient of thermo-e.m.f. as a function of 
temperature in the range from -180 to + 100°C 
for the above alloys are show in Fig. 1. 


a. jt/degree 


Thermo-e.m.f. as a function of temperature 
1-40 at. ©P; 2 - 46 at. GP. 


Fig. 1. 
for alloys: 
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It is evident from the curves that the 
temperature variation of a is the same for 
both alloys. In the range of temperatures 
from -180 to -50°C the value of a decreases 
with rise of temperature, passes through a 
minimum value near -50°C and further 
increases, 

In the range of temperatures above -50°C 
thermoelectric properties of the alloys are 
in correlation with the results of electri- 
cal conductivity measured (Fig. 2). The 
metallic nature of electrical conductivity 
corresponds to the smal] value of thermo- 
e.m f. (a <pV/deg) and its temperature 
variation, i.e. a is proportional to tem- 
perature, 

In the region of ferromagnetic trans- 
formation, the character of a -temperature 
curve, aS can be seen in Fig. 1, gradually 
changes and for higher temperatures less 
pronounced variation is observed. 

Similar behaviour of thermo-e.m f. also 
takes place in ferromagnetic elements, e.g. 
in iron (4], in the region of the Curie 
point. 

The behaviour of a below -50°C is anomalous 
and does not correlate with measurements of 
electrical conductivity. The reason for such 
a nature of the a(t) relationship is so far 
not clear. 

The positive sign of the thermo-e.n. f. 
corresponds to the sign of the Hall constant 


ohm _cm 


“200 -150 -100 -50 0 50 


Fig. 2. Specific resistance as a function of tem- 
perature for alloys: 1- MnP; 2 - Mn,P. 


and indicates a hole mechanism of conduction. 
This, as we know, takes place when conduction 
zones are nearly completely filled with elec- 
trons. Evidently, the conduction zone of 
manganese phosphides investigated is wel] 
filled with electrons. 


Translated by B, Cynk 


REFERENCES 


1. Ch. Guillaud, C.R., 224, 266 (1947). 

2. Ch. Guillaud, C.R., 235, 468 (1952). 

8. Ch. Guillaud, Rev. Mod. Phys., 25, 119 (1953). 

4. Ya.G.Dorfman, R.I.Yanus, K.V.Grigorov and M. G. 
Chernikhovskiy, Zh. eksp.teor. fiz.,1,155 (1931). 


165 
MNP 
2 | 
107 ohm 
VOL. 
7 
1959 


INVESTIGATION OF SHEAR FORCE OF MATERIALS UNDER 
HYDROSTATIC PRESSURES UP TO 170,000 KG/CM2 
AND OVER* 
L.F. VERESHCHAGIN and V.A. SHAPOCHKIN 
Laboratory of Superpressure Physics, Acad. of Sciences, USSR 
(Received 8 July 1958) 


(points of polymorphous transition are excep- 
tions). Comparative data on the increase of 
shearing strength with pressure are shown in 
the table on? etc,, mean the shearing 
strength at a pressure of 25, 50 kg/cm’, etc, 
respectively), 


A number of papers [1-3] have been devoted 
to experimental investigations of shearing in 
various substances under approximately hydro- 
static pressures. In all these works the 
hydrostatic pressure has not exceeded 50, 000 
kg/cem2, In the present notes the investiga- 
tions of shearing carried out by us under 
pressure of up to 170,000 kg/cm? and over are 
reported. The experimental plant and method 
of testing are described in [4]. 

The investigations were conducted with pure 
elements of the Mendeleyev periodic system 
and with special steels. For al] the elements 
and steels investigated an increase of shear- 
ing strength with rise of pressure is found 
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TABLE 1 
Resistance to shear in relation to pressure 


id 
25 T 25 
Lithium oe 2.0 6.5 11.0 - - 
Potassium 3.2 10.0 13.2 - - 
Copper 1.9 4.5 6.5 - - 
Silver 1.9 3.7 6.3 8.8 - 
Magnesium 2.3 5.4 7.5 - - 
Zinc .. os 1.9 4.2 5.3 - - 
ae wa 2.2 7.8 10.4 12.3 - 
Zirconium os 2.0 3.4 4.3 - - 
Antimony .. 3.1 8.8 - - - 
Bismuth .. 2.2 3.0 3.6 - - 
Tellurium 2.6 3.5 - 
St. E1437 2.2 6.2 9.5 12.8 16.2 
St. VT5 2.8 6.4 8.2 10.0 11.8 
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INVESTIGATION OF SHEARING STRENGTH OF METALS UNDER 
HYDROSTATIC PRESSURES OF UP TO 300,000 KG/CH2* 
L.F. VERESHCHAGIN and V.A. SHAPOCHKIN 
Laboratory of Superpressure Physics, Acad. of Sciences, USSR 
(Received 23 July 1958) 


As already reported [1] we carry out investigations aimed at explaining the effect of hydro- 
static pressures on the change of shearing strength of various substances, A further improve- 
ment of the existing plant (mainly of anvils and coupling rods) allowed the shearing strength 
under a pressure of up to 300,000 kg/cm? to be studied 

A continuous rise of shearing strength with increased pressure up to 300,000 kg/em? was 
found in both materials investigated: commercial iron and heat-resistant steel “A”; and in 
the commercial iron the rate of rise of resistance to shearing stress is even growing with 
pressure, 


TABLE 1 
Data on the variation of shearing Strength with pressure 


T 100 T9200 T9275 T 300 


Material 
T 27 T 26 T 25 


Commercial iron .. 5.7 14.0 : 28.4 
Heat-resistant 
steel “A” <2 8.4 22-9 (37. 5)* 


* Obtained by extrapolation of the last section. 


Comparative data on variation of resistance to shear with pressure are given in the table 
Mean resistances to shear at 25, 100 kg/cm’, etc,). 

Absolute values of the resistance to shear for pressures near 300,000 kg/cm? are so high 
that e.g. for commercial iron they become equal to the value of the theoretical strength, 
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THE THEORY OF PHASE TRANSITIONS IN A BOSE GAS* 
Ye. N.SHVETSOV 
Novosibirsk State Pedagogical Institute 
(Received 7 March 1957) 


Conclusions are given drawn from formulae which determine the size of the change of thermo- 
dynamic quantities of an ideal Bose gas at the Einstein condensation point for two cases; (a) un- 
charged Bose gas, (b) charged Bose gas in a magnetic field. 


An ideal Bose gas is the simplest model which is able to undergo a phase transition of the 
second kind. So it is of considerable interest to examine the thermodynamics of a Bose gas close 
to the A point (the Finstein condensation temperature). 

Following the results of the works [1, 2], we will derive general formulae for the quantities in 
which we are interested, and then examine two cases as examples: 1) a gas of free bosons, 2) a gas 
of charged bosons in a magnetic field. The last case is of particular interest since it has been shown 
that such a gas has the properties of a superconductor. 

We will show that knowing the dependence of the number of particles N on the chemical potential 


¢ and temperature 6 [1] 


it is possible to obtain an expression for the change in a derivative of the thermodynamic quantities 
at the A — point, which is fixed at the value of temperature 0 = O*. At this temperature and with the 
given number of particles N the chemical potential reaches its maximum value ¢ = (&),,;,. This 
quantity can be considered as equal to zero (at a temperature above the A-point ¢ takes on negative 
values). On further lowering the temperature the chemical potential is maintained at a constant 
value, but the number of particles begins to decrease. Thus for 0 > 0* the thermodynamic quantity is 
calculated for constant N, and for 0 < 6*, for constant ¢. 

For the change in heat capacity at the A- point we have 


where S is the entropy. 
Bringing to mind the thermodynamic identity 
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we calculate that 


0(6,0) / 0(6,5) &) 


and consequently 


As we see, the change is determined by the first derivative of the function N (6, ¢). There may 
be no change of heat capacity, if at the A- point 


becomes infinite. If there is no change in heat capacity, then there may be one for the derivative of 


heat capacity with respect to temperature. 
We will show that 


C=0 


is expressed in terms of the second derivative of the function N (6, ¢). We will introduce the symbol 


Differentiating (4) with respect to 9, once at constant N and the second time at constant ¢, we get 
for the change in the derivative of heat capacity with respect to temperature: 


using the identity 


and the transformation 9(A, N) N) _ (3 
N 
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From the relation 


To calculate the derivatives, following the work [1], we present the function N (0, €) in the form of 
the series 


Z(A) = 


We are interested in calculation of all the quantities at the A-point (at 6 = 6*, ¢ = O). Since however 
we are dealing with series, up to the end we will consider ¢ as a small negative quantity and only for 
the final result let it tend to the limit ¢ + O. We will calculate the derivatives 


s 


3 
we get 
we get 
N? 
N? 
where 
¢ (7) 
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6* 


We will apply the derived formulae to the simple case of a gas of free bosons. In this case (see 
appendix) 


Z0)=(=) 


Substituting the expressions (7) and (9) in the formula for change in heat capacity at the A-point, we 


get 


AC =——kN lim 
s=1 


Since the series in the denominator diverges when ¢ > O the phase transition of the second kind is in 
this case absent. We will find the magnitude of the change in the derivative of heat capacity with 
respect to temperature. Substituting the expressions (7) and (8) in formula (5), we get 


06 


s=1 


The summations in the numerator and denominator we will transform using Euler’s summation formula. 
Putting 


= —a, (a >0), 


4 
)- 
s=1 
| Vol 
3|* DE fe 
| 
we get 
0 
s=l 0 
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where =,, and =, include all terms remaining finite when a + 0. Integrating, we have 


and consequently 


from (10) we get 


which agrees with results in the work [5]. 
We will go on to examination of a gas of charged bosons in a magnetic field. In this case (see 


appendix) 


| h Q(nh)? sh pH? 


Calculation from formulae (7) and (3) gives [2] 


1 a 
s + 2asethgs)/sh as 


as| s*/sh a 


5 
| 
s=1 
Ss 
lim = —- lim 
VOL. Since 
— 312 
1959 (2.612)? =6.823, 
s=1 
A (=) = — 3.665 , 
20) a) 
AC = kN (12) 
where 
H 
and is a function of H. 
H 
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We will determine the dependence of 0’y on H/ for two limiting cases: 


1) a « 1 (weak fields, high temperatures) 
2) a > 1 (strong fields, low temperatures) 
The relation between 0’y and //, as is shown in the work [2], is given by the equation 


which taking into account formulae (11) and (9) gives 


6, 


a 


Substituting in equation (13) the value of the summation in the numerator (see appendix), we find 


from which 


B) > 1. We have 


Putting 


we transform the preceding expression into the form 


2 


from which, taking logarithms, we have 


3 
a —In a= — 
Since 9 | | In la,| + In 


* (Note sh means sinh ) 


6 
= sh = 
(13) 
7 
= 8 [+3 140.39) a4) 
Cale 2 


Phase transitions in a Bose gas 
1 3 2 
a| > — In|a| w ——In In — 
lal 9 > In 


we can write approximately 


3 
= In |a,|. 


Substituting the values of a and a and solving the equation for 0’y, we have 


3. 

6* 


The expression for change in heat capacity in these two cases will have the form: 


A) \al< 1. Neglecting the terms of a higher order of smallness, we find 


gn ig! = — 1.9008 | 
4 A 


Substituting 9’) = 0* in this approximation, we get 


* 


|’ 


Thus for the case of a weak field, the change in heat capacity is proportional to the square root of 
the intensity of the magnetic field and inversely proportional to the square root of the condensation 
temperature in the absence of the field. 


B) |a| > 1. We have 
AC= KN (1 2|a\)? ~ —kNa?. 


Putting 


u 


|a| = 


AC =—kNn 


from which, remembering the value of 0’y from (15), we get 


2 aN [in 
4 6* 
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Thus in a strong magnetic field the change in heat capacity is logarithmically dependent on the 


field. 


APPENDIX 
I. CALCULATIONS 


a) Uncharged Bose gas. For the energy of free particles of mass m and impulse p we have 


2 
6 =—-, 
2m 


The number of quantum states for particles in the interval dp is equal to 


__ 4xp?V 


where V is the volume occupied by the gas, and consequently 


“vy p.- ‘Omn 
= 2m = 


b) A gas of charged bosons in a magnetic field. For the equation of the energy of the particles we 
have [6] 
CAD, 
2m 2 


mc 


Where e is the charge on the particles, // is the intensity of the magnetic field. The number of energy 
levels with the given value s in the interval dk is equal to 


therefore 
wy 
Z(h, H)= e %m dk (25+), 


—e s=| 


from which it follows 


V 
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II. SUMMATION OF THE SERIES IN FORMULA (12) FOR |a| «1 


a) y s'/shas. 


s=1 


Using Euler’s summation formula, which in the given case will have the form 


2m—1 
= \ — Bap 


where Bx are Bernoulli numbers; 


1 
x? 


9 (x) = (9'*)(coy = 0); 


shax 


R,» is the remainder term in Euler’s formula 


1 


s=1 


(see e.g. [7]). 
We will give the value of the remainder term 


|Rem| < + 1) If N(x) ‘ 
1 


(2x)?™ 


where ¢ (2m + 1) is the Riemann zeta — function. 
Since close to X = 1, @ (x) is an analytical function, in looking for its derivative we may use the 


expansion into a power series 


Then for small values of a 


—1)F (2 —1)!! 
+ On (a). 


(11.4) 


from which 


Rom| < +1) 1) 
(II.5) 


la| (4n)°™ 
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The remaining terms in Euler’s formula decrease with increase of m up to m = 3 and 


IR 


Substituting in (II.1.) the values of the derivatives (II.4), we get with the accuracy indicated 


s=1 


In this approximation we will calculate the integral on the right hand side 


oo 1 1 


1 


sh ax sh ax 
0 


2 


3 
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Where Sgna is the sign function, 


Sgna =| la>0 
—la<0. 


In the second integral we expand the function being integrated into a series and get 


1 
x 2 


Substituting (II.8) and (II.9) in (11.6), we get 


as = SgnaA + O, (a), 


ve (=) = 2.999, 


9°/2 


| 7 
24 


= 1.46 
2 384 6784 


b). In the same way we can calculate the sum 


10 
x? 
I 0 
x=— + 0, (2). (I1.9) 
where 
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as. 


Se] 


Presenting it in the form of two terms, 


The first sum on the right-hand side is 


4 (+) = 261, 


and the second sum we calculate from Euler’s formula, We have 


s=1 1 


To calculate the integral, we transform it into the form 


The integral on the right-hand side we give in the form of two integrals 


In the second integral (from O to «) we expand shx into a power series. Then 


x! ( dx = O(\a}'). 
0 


The first integral is calculated by an approximate method, its value is equal to 


sh x 


0 


= +(C—D ja") +0, (a), 


S= 


Finally, for the summation we get 
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C=0()=261 D =151. 


c) To calculate the sum 


1 
S*coth as/sh as 


we use the relation 


cothas/sh as = — ‘Ish as, 
da 
s=1 s=1 
from which, substituting the value (II.13) and carrying out the differentiation, we find 
M's cothas/sh us = — (c— Pla + O, (a). 


s=1 


II]. SUMMATION OF THE SERIES FOR |a| > 1. 


For large values of the argument we have 


shax = Sgna— chax = > *, 


therefore 


Ms? shas = = + O(e~?"*!) = (III. 1) 


s=] s=1 


Sgna2e™'*|+0 = Sgnade—"™, 


s=1 s=1 


x s cothas/sh as = 23) + O (e77!#!) ~ (III. 3) 


Translated by D.G. Noel 
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THE THEORY OF THE TRANSVERSE THERMAL GALVANOMAGNETIC PHENOMENON IN A 
FERROMAGNETIC CONDUCTOR * 
N.P. PATRAKHIN 
The Sverdlovsk Agricultural Institute 
(Received 13 March 1958) 


An attempt has been made to explain the transverse thermal galvanomagnetic phenomenon in 
ferromagnetics on the basis of the (s-d)-exchange of a metal model suggested by S.V. Vonsovskii. 


1. In the present case, a study is made of the transverse difference in temperature 07 /dy in a 
ferromagnetic wire, magnetized perpendicularly to the electric current. This phenomenon is some- 
times called the Ettinghausen phenomenon, and in non-ferromagnetic metals it obeys the following 


law: 


or 


(1) 


where /, is the transverse magnetic field intensity and P a certain material constant (the Etting- 
hausen constant). 

In non-ferromagnetic metals the Ettinghausen phenomenon is similar to other galvanomagnetic 
phenomena. In ferromagnetics this phenomenon has not yet been studied sufficiently experimentally. 

In non-ferromagnetic metals the reason for the formation of the value O7/dy is the action of the 
external magnetic field, H, on the conductivity electrons and it is natural to suppose that such action 
remains in the force and in the ferromagnetic metals. The behaviour of the conductivity electrons 
should also be affected by the magnetization of the conductor, as is the case in other galvanomagnetic 
phenomena. We will assume that the value 07/dy is made up of the “usual” part (07/dy)y, obeying 
formula (1), and the “unusual” part d7/dy) 7, caused by the magnetization. 

We have not encountered any theories in the literature which would explain the appearance of a 
transverse difference in temperatures in a ferromagnetic conductor with a current. We will therefore 
attempt to give at least a qualitative explanation of this phenomenon, using the method which we 
employed to explain the Hall phenomenon [1] and the Nernst-Ettinghausen phenomenon [2]. 

As before, we will consider the spin-orbital reaction of s-electrons with lattice ions and will 
use the data of the (s-d)-exchange model of a metal suggested by Vonsovskii [3]. 

For simplicity, we will assume that a conductor is one monocrystal — domain, magnetized in a 
direction perpendicular to the current. 

2. We will write a known condition for the stationary nature of electrons in a metal taking into 
account the electrical field intensities E,,£,, of a magnetic field H,, and also heterogeneities of 
the distribution function of electrons fo, caused by the temperature grading along Ox and Oy (in the 
general case, all changes in the number of particles in an element of a six-dimension phase volume, 
i.e. changes connected with the velocities and the accelerations of the particles) 
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In our case, we reject the term with intensity E,, since it is small in comparison with E,, and 
also the value 0f/dx, arising due to the temperature gradient d7/0x (the corresponding condition of 
the experiment can be selected). Relationship (2) when considering spin-orbital reaction changes 
somewhat [1, 2], and the condition for stationary character takes on the form 


Here A is the Planck constant, divided by 27; B is the parameter of spin-orbital reaction. 

Equation (3) should be written separately for electrons with “right” and “left” orientation of the 
spin (in the first case the upper signs, in the second, the lower). 

Neglecting the spin-orbital reaction and the last term in formula (3), we obtain to the first 


approximation 


fim = fot Af 


To obtain the distribution function of the electrons in the second approximation, we substitute 
f, in formula (3). In the first and fourth terms of formula (3) it is sufficient to substitute fo, the sub- 
stitution of Af gives a weak effect in this case. In the second and third terms, on the other hand, 
Af should be substituted, since the substitution of f, leads to their mutual cancelling out. Finally, 


we obtain 


3. To determine the density of the thermal stream q,, we use the formula (see [4]) 


+2 
ay=J og + (6) 


After the first portions of heat have been conducted to the edge of the sheet, the thermal stream 
qy will be zero. On substituting the distribution function f from (5) in formula (6) the integrals contain- 
ing the third and fourth components of formula (5) will differ from zero. Formula (6) becomes 
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de+ 


de~ 


In the conversions of formula (7), we consider the “S-shape” form of the function df,/de. We 
use the values: 


dP; €; Ux; vy; & m* 


(see [2, 3]). 


From relationship (7) we obtain 


2 2 


dy + (1 + + (3 — (I — 


We find the current density from the formula 


—e fut ftaot—e loz (9) 


Substituting formula (5) in (9) we obtain integrals different from zero only when substituting the 
second component of formula (5). 
After conversions similar to those of formula (6), we obtain 


Js h?Ta 


+ (1 + + (B— — 


Hence we find Ey, we substitute it in (8) and obtain 


In formula (11) we open the brackets, neglect powers of » and .” above the second, and making 
certain approximate contractions, we obtain 


+ 


where 5’ and y’ are certain constants. Then: 


= 


+ 1) nT + 


16 
(8) 
_19! 
0) 
| 
oy 
dy (1 + (12) 
(03) 


Transverse thermal galvanomagnetic phenomenon 


We introduce, as previously, spontaneous magnetization of unit volume for a given temperature 
I, and at absolute zero /,,. Then (12) for a conductor-domain, magnetized along the Oz-axis 
becomes 


(14) 


If the magnetization of the sample is directed arbitrarily, then in the numerator there will be the 
z-th projection of /,, i.e. 1,,, and after averaging for the polycrystalline sample — the technical 
magnetization /,. 

As a result, equation (14) becomes 


where the value 


VOL. 


is the Ettinghausen constant for the “unusual” part of the phenomenon. Thus, for the value 
(OT/dy)j in a ferromagnetic we obtained a relationship which is similar to that in non-ferromagnetic 
metals, differing in that 07/dy is proportional to the magnetization of the conductors, i.e. the 
“unusual” phenomenon of Ettinghausen is similar to the “unusual” phenomena of Hall and Nernst- 
Ettinghausen. 

Formula (16) shows that the Ettinghausen constant P’ should depend on the spontaneous 
magnetization similar to the Hall constant and the Nernst-Ettinghausen constant. 

Our conclusion is not claimed to be complete since there are a number of restrictions (relatively 
high temperatures, weak fields), and also certain terms are neglected, so it can only give a qualitative 
picture of the phenomenon. However, it shows that the formation of a transverse temperature gradient 
can be connected with spin-orbital reaction within the framework of ideas of (s-d)-exchange model 


of a metal. 
In conclusion, we would like to thank Professor S.V. Vonsovskii for suggesting this topic and 


for his valuable help during the work. 


Translated by J. Thompson 
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THE SPECTRUM OF ELEMENTARY EXCITATIONS OF AN ELECTRON SYSTEM IN A 
MONATOMIC NON-CONDUCTING CRYSTAL 
l. Z ELECTRONS OF THE ATOM* 
Yu.A. IZYUMOV 
The Gorkii Urals State University 
(Received 4 March 1958) 


A study was made of the energy spectrum of the weakly excited states of a crystal, when each 
atom has several electrons filling an arbitrary configuration in the basic state. It is suggested that 
the number of electrons in the atom does not change during the excitations. The energy spectrum 
has several Bose-type branches. It is shown that excitations in an atom occurring with change in 
spin and without change in spin of the electron lead to different elementary excitations which cannot 


be confused with one another. As special cases, results have been obtained which were known pre- 
viously for different types of crystals. 


In the multi-electron theory for a solid, it is usual to proceed from models in which it is assumed 
that there is one electron for each lattice point taking part in certain processes within the crystal. 
This method, being aimed at the most general and important aspects of the phenomena, is the result 
of maximum simplification of the mathematical calculation. However, there are some types of solids 
which cannot be modelled by ascribing one electron to an individual point, for example, semiconduc- 
tors with closed electron shells or transition metals, where it is essential to consider two groups of 
electrons to explain the electrical and magnetic properties. 

Recently, attempts have been made to consider several electrons of the atom in a multielectron 
atrangement. This includes the work of Kondorskii and Pakhomov [1], and also the author [2]. In 
these papers studies have been made of the energy spectrum of ferro- and antiferromagnetic crystals 
with several electrons to the atom, but only the spin degrees of freedom were considered. However, 
for problems in the theory of a solid, it is important to consider the electron transitions into the 
excited states, even if it is for the simplest case — the covalent crystal. In a number of papers 
[3, 4] studies have already been made of excitations which led to Bose-type elementary excitations— 
the number of electrons near the point did not change. In the approximations of the method of ele- 
mentary excitations, different types of Bose excitations can be encompassed by one mathematical 
device. 

The present paper develops a mathematical method which makes it possible to study the Bose 
branch of the spectrum of a crystal with several electrons to the lattice point, having both spin and 
electron degrees of freedom with an arbitrary selection of the basic state. 

1. We will consider a crystal consisting of N identical atoms, assuming that for weak excita- 
tions of the system only z outer electrons of each atom can be excited, the other electrons apparent- 
ly forming a closed shell, and their role in the crystal amounting to the screening of the Coulomb 


otential of the nucleus. Let the basic state of the crystal be characterized by the same degree of 
filling of the electron states in each atom, so that it is sufficient to indicate the distribution of 


electrons in an individual atom. The states of the electron will be given a pair of numbers (A a), 
where oa is the projection of the spin having two possible values; we will assume that these values 
are 0 and 1, and A covers a finite combination of values, numbered from 1 to L (the numbering is 
done in such a way that there are no identical values in this combination). In all, there are there- 
fore n = 2L states of the electron. In the basic state of the crystal, the first z electron states of 
the atom are filled. We mark them by a zero superscript 
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Depending on the number of electrons z, the character of filling of the main state and the 
position of the lower excited level, we are dealing with the case of a semiconductor, ferromagnetic, 
etc. For all calculations, finding the type of crystal is not important when dealing with non- 
conducting or weakly conducting crystals for which it can be assumed that, during the excita- 
tions, the number of electrons in a given atom does not change. 

Of all the f possible excitations of the atom there will be some for which only one electron 
is excited, some for which only two electrons are excited, etc., up to z. Apparently, 


f= fin 
k=! 


where f;, is the number of excitations of the atom with a change in state of k electrons. To find 
these, numbers we use a combiner identity , 


z 
ni -1=¥ (n —2)! 


(n — 2)! 2! (1 —2z—k)!Ik' 


which has a clear physical meaning: the left-hand side is the total number f of excited states of z 
electrons with n possible states for one electron; the k-th term in the right-hand side is the number 
of excited states of the atom when the states of & electrons change, i.e. f,. Here we will neglect 
the rules of transition; it seems that they can be considered at the very last stage of calculation of 
the energy spectrum. We will therefore study the case of the maximum number of excitations permit- 
ted by the Pauli principle. In particular, the number of excited states of the atom with change in 


the state of only one electron is equal to 
fy = = (2L —2)z. (2) 
Later it is important to calculate how many excitations of this number are possible when changing 


only the projection of the spin of one of z electrons, on changing the number A with constant spin, 
and with change in the number A with changes in the spin. These numbers are respectively: 


where ¢ is the number of electrons in the main state with zero spin (for example, “right”); u is the 


number of “left”. 
2. The Hamiltonian of the system of electrons in the presentation of a secondary quantum, taking 


into account excited states, can be written in the form [5]: 
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+8 —fa) F (01 — 04) (02 — 29). 


Here the index v = A o numbers the states of the electrons in the atom. 

Our problem was to study the energy spectrum of a system close to the basic state. We will 
split the wave function, in the presentation of numbers of filling, into a series with a small para- 
meter ¢, having the meaning of the weight factor of the excited states 


C=C, + + eC, (7) 


where C, is the function of the basic state; C, is a function describing states with excitation of one 
electron in the crystal; C, is a wave function with two excitations, etc. By means of the analysis 
(7), terms up to the second order in ¢, can be left in the Hamiltonian, corresponding to the method of 
elementary excitations. Then, designating the basic states of the electrons by the index v° and the 
excited states by the index p, we obtain: 


(viva) + B (fifavi 94, 


hvu fa 


fat + fi 


] 


fifay 


+ 1 0 
1 2 
fifav 


where primes on two of the sums mean that the summation is carried out with the condition 


B ¥2) =B = 0. 
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In (8) we introduce the symbols: 


K = A + Dy B B vita)» 


fav9 vo 


H" =A p (fife¥i v2 ¥1 ) 


+ 


Here H” contains the terms of the different orders from ¢ to ¢* inclusively. Retaining terms of 
order no greater than ¢? and using a condition of covalency (5), we obtain 


H” E.— A + D (fmt vt a0 
fiva hyd 


where E, is the energy of the basic state. 
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In expression (8) the Fermi operators are in combinations which can be designated as follows: 


Here b%,,,is an operator of cancellation of the basic state 1° of an electron in the lattice point f 
and the formation of the excited state p at the same point; b},q describes the reverse process. 
With an accuracy up to terms of the order of ¢?, the adjustable relationships between the operators 


(15) are of the Bose type. Using conditions (5) it can readily be shown that with an accuracy up 
to terms of the order of ¢ the condition is fulfilled 


(16) 


The Hamiltonian (8) can now be expressed approximately in a linear and quadratic form from the Bose 


operators by,» and bh oy except for the last term of expression (11). 

The linear terms can be eliminated by a conversion of the transform. Replacing them there will 
be a certain constant addition £, to the energy of the main state. After this, the main part of the 
energy operator is a quadratic form from the Bose operators, which can be brought to a diagonal form 
by means of canonical transformation 


l i . 
= —— [u. (v°p) Ux (vp) 
N xk 


if the coefficients u) and vy satisfy the system of linear homogeneous equations: 


vous 


0 


[— A (A) + ge v2) + 


+ Ph v2) Ux (v2p49) = 0, 


where for brevity: 


a 


= via) + K (fara) — 
fa 


In the new presentation the quadratic form is 


uk 


22 
vo 
= (17) 


Z electrons of the atom 


where €,, (k) is determined from the characteristic equation of system (17). It can readily be shown 
that if €) is the root of this equation, then —«, is also its root. The characteristic equation of the 
system therefore has z (n—z) positive real values of ¢,. 

A part of the energy operator determined by the last term in expression (11), cannot be expressed 
by Bose operators, however, it has a clear physical meaning if the operators of the holes are intro- 


duced 


= ajto = 


A 
Representing this term of the Hamiltonian by //p, it is possible after carrying out a canonical trans- 
formation of the operators af,o with the indices v* to represent it in the diagonal form 


fo (19) 


Thus, the energy of the weakly excited states with the approximations of the method of elementary 
excitations is equal to 


2(n—z) z 
hole 


2 of 


the =0, 1,2, 3...; 0,1; 


Hy = Ey +E, — 


rR Oy 


Here, H, is a constant value expressing the re-standardized energy of the basic state; the last term 
in H, appears as a result of the diagonalization of the quadratic form from the Bose operators [5]. 

Small deviations from the basic state are mainly described by elementary excitations of the 
Bose type. They give rise to z (n-z) independent branches; this number coincides with the number 
f, of possible excitations from (2) in the atom with a change in state of only one electron. Thus, 
the total number of degrees of freedom does not change during canonical transformations. 

Apart from the Bose values, there are other z branches of the Fermi type, which however, are 
not independent; they have bonds, arising from the condition of “covalency” (5), which can be con- 
verted to the form 


Rx fo 


Consequently, the number of elementary excitations of the Bose type over the whole of the crystal 
is equal to the number of holes. This is quite apparent when considering the fact that the appearance 
of each excitation is accompanied by a simultaneous formation of a hole in the zero background of 
the states. The Bose excitations are a collective movement of the bond couples: of the excited 
electron and hole in the zero background, when each component of such an excitation does not 
exist independently of the other, they behave as a whole. 

If there are several electrons in the atom, and each of them can transfer to the excited level, 
then the holes which appear will not be of equal value. If the electron is torn from the lower layer, 
then the place of the hole which is formed can be taken by an electron from the upper layer; there is 
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therefore a rearrangement of the remaining z—] electrons. This rearrangement can be considered as 

a movement of the holes within the limits of one lattice point. This movement at-the point is not in- 
dependent of the processes at the other points, the movement of the hole is also collectivized as it 
were in the crystal, although there is no quasi-impulse connected with it. This movement of the holes 
in the zero background gives rise to z Fermi branches in the energy spectrum. 

3. Further information on the structure of the Bose part of the spectrum can be obtained if a 
clear form of the Hamiltonian is used, i.e. converting to formulae (6). Instead of the index p, two 
indices A o, are used of which the first indicates the orbital quantum number of the excited state in 
the atom, and the second the projection of its spin in this state. Correspondingly, for non-excited 


states we have v°+A°o°. In equation (17) can be written: 


Uz (vp) = Uz do); Ue (vu) = Uz (X°o®, Aa). 


It can readily be seen that owing to the 5-symbols from the spin variables in expressions (6), the 
first of equations (17) is split up into two independent equations, which, when written in detail, 


have the form: 


[—A(f) 10%) 8 (oP — a4) OP of, iyo?) — 
lk 
21 
— [J — K 09) 3 — (0° — of) (AP oP, 2, + 
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where the following symbols are introduced: 


fe 


J Ro) = K 9) = L + 
fal 
+ LIF —F fad? fhe) 8 (a? 
fel 
In equations (21), the summation to / means the summation over all non-excited states of the electrons 
from 1 to z, and summation to k is carried out over all z (n—z) excited states. 
The symmetrical system corresponding to the second equation from (17), is obtained from (21) 


and (21a) by replacing: 


> C > Cx; uz, > VU, > U,. 
(22) 


The values Uy (°n) and Uy (vq) from system (17) is connected with the probability of transition of an 
electron from the basic state v° into the excited state ». The system of equations (21) together with 
the corresponding symmetrical system (22) includes only the amplitudes of probability of those excit- 
ations which occur with the preservation of the spin projection. The roots of its characteristic equa- 
tion therefore give branches of the elementary excitations which occur without change in spin— the 
“spin-less” excitons, the total number of which is 
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— (2 — u)}. 


On the other hand, system (21a) with its symmetrical system describes excitations connected with 
change in spin; this includes both the simple revolutions of spins and the “spin” excitons with a 
total number of branches . 


2 


Splitting the characteristic equation of system (17) into two equations containing either “spin” 
or “non-spin” excitations means that the space of the natural vectors of the Bose part of the 
Hamiltonians decomposes into two invariant subspaces. 

If the magnetic reactions in the crystal are taken into account, this splitting will not take 


place. 
4. From the above scheme all special results referring to the calculation of the energy spectrum 


of the crystal with several electrons per atom can be obtained. 
At first we will consider the case when for the z electrons of each atom there are only spin 
degrees of freedom. In this case, as well as the condition (5), some more rigid conditions must be 


satisfied 


(23) 


In the papers of Kondorskii and Pakhomov [1], and also in those of the author [2] a detailed study 
was made of this case. It would seem that in the energy spectrum of such a crystal there are z inde- 
pendent Bose excitations — ferromagnones. How can this result be reconciled with our calculations ? 

It is necessary to consider z(2L—z) exitations. According to formula (3), there should be fr=z 
purely spin excitations of the total f, excitations. However, all other excitations are forbidden by the 
additional conditions (23). If they are applied to the initial Hamiltonian (4), then the coefficients (6) 
are simplified. Calculation of the expressions (18) with them leads, as can be shown, to the equations 
of Kondorskii and Pakhomov for ¢,,. The operator /p in this case does ngt make any contribution to 
the energy since the values D(f1) here are simply zero. The operator Hp also makes no contribu- 
tion to the energy in the case where there is one electron to the atom; this can readily be seen from 
expression (14). 

The main problem of this work was to make a qualitative study of the structure of the energy 
spectrum. Application of the derived equations (21) and (21a) to find the dispersion law in the case 
of a complex electron shell cannot lead to practical results, since the coefficients in these equations 
are not known. In these cases, it is much more useful to use the phenomenological method or the 
simplified quantum mechanical method, which does not deal with the detailed structure of the shell, 
but gives it the total quantum numbers L, 5, J. 

This treatment will be used in paper II. 

The basic qualitative results obtained here amount to the following. 

1. It is shown that the Bose character of the spectrum is connected with the fact that the total 
number of electrons to the atom does not change during the process of excitations. 

2. The connexion has been shown between the excitations of the individual electrons in the atom 
and the character of the elementary excitations of the crystal. 

3. It is shown that the elementary excitations connected with the change and with the preserva- 
tion of the spin projection for excitations of electrons are independent. 

There is a connexion between this method and the method of the approximate secondary quantum 
of Bogolyubov-Tyablikov [5]. The latter is based on the variation principle, by means of which the 
basic state of the Fermi system is found, and the weak deviations from it are described by the Bose 
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excitations. In trying to simplify the calculations, we did not seek the basic state but postulated it, 
without truly establishing the type of the crystal. The energy of the weakly excited states was there- 
fore represented as a “function” of the basic state. The procedure of the transition from the Fermi 
operators to the Bose, which we used, is a generalization of that used in the method of Bogolyubov- 


Tvablikov. 
The author thanks S.V. Vonsovskii, A.A. Berdyshev and E.A. Turov, for discussions of the 


results. 
Translated by J. Thompson 


REFERENCES 


. E. Kondorskii and A. Pakhomov, Dokl. Akad. Nauk SSSR, 93, 431 (1953); 
Zh. eksp. teor. fiz., 32, 323 (1957). 


. Yu.A. Izyumov, Zh. eksp. teor. fiz., 32, 1058 (1957); 
A.A. Berdyshev and Yu.A. Izyumov, Fiz. metal. metalloved., 3, 406 (1956); 5, 552 (1957). 


. V.S. Galishev and S.V. Vonsovskii, Fiz. metal. metalloved., 3, 395 (1956). 
. S.V. Vonsovskii, Yu.P. Irkhin, A.N. Kushnirenko and E.A. Turov, Fiz. metal. metalloved., 


3, 385 (1956). 
N.N. Bogolyubov, Lektsii v kvantovoi statistiki (Lectures in quantum statistics), 


Kiev (1949). 


26 

4 

VOL 
7 

195 


tions in the magnetic susceptibility and other physical values for metals, with change in the value 
and direction of the intensity of the magnetic field) for electrons with an arbitrary law of dispers- 


in a magnetic field // = //, is based on the equation derived in paper [2], which was obtained by 
replacing in the law of dispersion the quantum number &, by the operator 


and is obtained by neglecting the small terms 


a, and a, are lattice constants. 


SOME PROBLEMS IN THE THEORY OF THE DE HAAS —- VAN ALPHEN EFFECT* 
G.E. ZIL’BERMAN 
(Received 23 November 1957) 


On the basis of the results of papers [2, 3], studies were made of certain features of the move- 
ment of electrons with an arbitrary law of dispersion in a magnetic field. It was shown that there is 
a shift of the quasi-classical levels of energy, proportional to H?. Taking into account the non-dia- 
gonal terms (of other zones) in the main equation also leads to a shift in levels, but this shift has 
another character. The “doubled” trajectories of the electron were studied. Studies were made of the 
features of the De Haas — Van Alphen effect in the cases under discussion. It was shown that the 
expansion of the energy levels of the electron in the magnetic field (see [2, 3, 5]) is described by 
two continuous parameters. A calculation was made of the expansion of the levels with closed 


trajectories (when it is of the order of 


In papers [1-3], the theory of the De Haas — Van Alphen is developed (the theory of oscilla- 


“The theory of movement of the electron with an arbitrary law of dispersion 


E(k) =™ Avexp (ik n) 


he 


2 
» where %0 = ae 


215 


V a, a 
a 
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The quasi-classical solution of equation (1) has the form [2] 
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(h is the Planck constant). This equation has the form 
A 
n a5 (1) 


Theory of the De Haas — Van Alphen effect 


he 
= exp f(s); f (ee) exp (— iad | 
0 


/ OE 
V 


where x; = X: (k2, E, &;) is the solution of the equation E (k,, k,, k;) = E (with respect to 4,). The 
rules of the quasi-classical quantum of function (2) lead, as shown in [1, 2], to the following equa- 
tion determining the energy levels of the electron in a magnetic field: 


Qn 
2 
79 


S(E, ks) =( x, dk, = (n+—) 


(S is the area of cross-section of the surface E(k) = const., the plane k, = const.). 
A number of problems in the theory of electron movement are studied below; these problems were 


not studied in papers [2, 3]. 
1. ALMOST-QUADRATIC LAW OF DISPERSION 


The wide applicability of the theory of the De Haas — Van Alphen effect, based on the quadratic 
law of electron dispersion, indicates that small electron groups often have a dispersion law close to 
the quadratic law. This law is studied in detail below. 

The energy levels obtained from (3) have the form 


at 


——]. (4) 


\ 


Since this solution is obtained by neglecting terms of the order of ¢*, in it there is an absence of a 
total displacement of all levels in the magnetic field proportional to H? (and not dependent on n). 
However, in individual cases this displacement is not sufficiently small that it can be neglected, as 
indicated by the data of paper [4]. 

Equation (1), as shown, was obtained by neglecting terms of the order of «. Using this equation, 
strictly speaking, it is possible to determine only the order of the value of similar small terms. 
However, in some special cases, discarded when deriving the equation, the small terms ~ ¢* can 
have an additional smallness, and then the solution of equation (1) including the terms ~ ¢, has 
meaning. To check to what extent the obtained solution is permissible even in special cases, an 
accurate calculation is made, based on the approximation of weakly bound electrons [5], and it is 
determined whether the results coincide (this is obtained in the approximation of strongly bound 
electrons also). 

In equation (1), the right-hand side is split up into powers of ¢ and only those terms remain 
which contain inside the summation sign 


n?, m3, ni, nt and n‘ 


This will correspond to the law of dispersion containing quadratic terms and terms of the fourth 
power. As a result, an equation of the fourth order is obtained for the function f 
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=0. 


2mo / 


+ + 2B + + 90 (E + — 


Here E is calculated from the bottom of the energy zone and 


= ni; A8/2m, = — Az}; 


Neglecting terms of the fourth order means cancelling in equation (5) the terms containing 
B,, Ba Bia In this case, the equation obtained is 


and the energy levels have the form: 


E, = pH (n + — 


The variable is replaced 
(m,/m,)! 


We also designate A = 2E/yH, after which equation (5) becomes 


27/8 
a,a,h*m, 


With a derivative of the fourth order there is a small coefficient ¢?. If we were interested in a solution 
of this equation, differing widely from the solution of equation (7) (see for example section 3), then the 
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term with f!V could not be considered small. 
In the case in which we are interested, the right-hand side can be considered as a perturbation 


and this gives the following energy levels: 


—pHe* 3a, + 3a, — 5a 
16 


These results are confirmed by calculating the natural values for the energy of weakly bound elec- 
trons in a magnetic field [5]. For this purpose, the calculations of paper [5] should be continued, 
after having determined the form of the terms proportional to H?. Very laborious calculations lead to 
the result 


E, = pi (n+ —)—C,H* (n+ —) + +C, 


where the values C, C,, C, depend in a complex way on the coefficients of the Fourier analysis of 

the potential V? (but do not depend on the magnetic field). Both additional terms have the same form 
and the same order of value as in (12). In (12) and (13) the only point of interest is the constant shift 
of the levels proportional to H? (see below for the effect of this shift on the oscillation of the physical 
values in a magnetic field). 


2. THE EFFECT OF NON-DIAGONAL TERMS 


In deriving equation (1) in paper [2] the non-diagonal terms were discarded which corresponded 
to the neighbouring energy zones. As shown in paper [2], they are of the order of e*, if the curves 
X:= X: (k,) corresponding to the same values of quantum numbers n and &, in different energy zones 
intersect one another (being placed in the reduced zone), and they have exponential smallness in 


the opposite case. 
We will consider non-diagonal terms of the order of &. The calculation will be carried out for 


the case where both mentioned curves are ellipses, having a common centre (and the same area 
since they have the same quantum number h). These ellipses, of course, intersect one another. We 
will write equation (1) with a non-diagonal addition (see [2]) in the form 


A A 
E,g,= Eg, (14) 


where ris the number of the zone. 
In view of the smallness of the addition, it is possible to calculate the energy using the first 


approximation of the perturbation theory (degeneration is absent) 


Os 


(Ra) exp (ikgm,) 


The coefficients F. . [2] depend not only on the law of dispersion but also on the wave functions. 


The natural functions in our case are the Hamiltonian functions. Taking into account only two 
zones (r and s) we obtain the following expression for energy: 
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2m, 


E=pH(n+—)+>* + 


n+ |(n are sin —* + 


eh 


= 


Vm, M4, 


(17) 


and the value C is a constant depending on the form of the wave functions in both zones. The effect 
of the additional terms in (16) on the De Haas — Van Alphen effect is considered below. 


3. “DOUBLED” TRAJECTORIES OF THE ELEC TRON 


Ifthe energy minimum £ (y,, k,, £;) is reached not in the isolated points of the plane (x, £,), 
but in the closed curve, then the trajectory of the electron can be “doubled”, i.e. the function 
x1 (42) will have four values. The region filled with electrons is the area between the curves 
(Fig. 1). With increase in the energy, the area of the external closed curve increases and the 
internal curve decreases. To conform with the accepted terminology [6], it should be said that 
particles in the external part of the fermi surface are electrons and the internal unfilled region 


corresponds to holes. 
A treatment is given for the case of a dispersion law containing terms of the second and 


fourth orders 


hx? 
1 2 4 4 
2m, 2m, 


E= 


The energy minimum is reached in the closed curve (ellipse) when 


2 
3 mo 


m 


The “effective masses” m, and m, should then be negative. The energy minimum is equal to 


h? 


at the start of the co-ordinates the energy is a maximum E,,,, = 0. For intermediate values of 
energy, equation (18) splits up into two ellipses 
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The operators, obtained by the substitution 


commute since the axes of the ellipses 


B 


FIG. 1. Curves characterizing the region filled with electrons. 


are proportional. It is therefore easy to write an exact solution and exact energy levels: 


The sum of the areas of the ellipses is a constant (not depending on the energy) 


2S,. 


Here S, is the area of the ellipse on which the energy is a minimum. 
The difference in areas (the area filled by particles) is quantized 


4. FEATURES OF THE DE HAAS — VAN ALPHEN EFFECT IN THE CASES STUDIED 


The energy of electrons with a dispersion law close to quadratic is expressed by equations 
(12) and (13). In formula (13) the values C, and C, can be both positive and negative. The presence 
in this formula of a constant shift (not dependent on n) proportional to H? leads to a certain change 
in form of the usual ([1-3], etc.) formulae for the oscillating part of the magnetic moment. In these 
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formulae a substitution should be made 


(24) 


Hence, it can be seen that the dependence of the “number of intersection” (see [4]) n (1///) on 
(1/H) will not be a straight line 


(25) 


In strong magnetic fields this function is above or below a straight line depending on the sign of C,. 
Formula (25) differs from that obtained when considering the dependence of the limiting energy /y on 
H, in which the term proportional to // is always positive. In the case of zinc, the deviation of 

n (1/H) from a straight line in strong magnetic fields was mentioned in paper [4]. The sign of the 
deviation depended on the orientation of the magnetic field with respect to the crystallographic 


axes, 
Analogous results are obtained by considering non-diagonal terms in the Hamiltonian (see 


Section 2). Using formula (16) instead of (24) we obtain 


AVE, 


. sin! 22 sresin + 
1+y 4 


Thus, the function n (1///) will have the form 


2cH*VE, 
H 2 ui? H +1 (27) 


If the value y is close to unity, then formula (27) gives qualitatively the same effect as (25), only 
the deviation from a straight line will be proportional to //% and not to H. In its absolute value, the 
additional term is larger here than in (25), since the order of the effect is &, whereas in (25) it is 
e* (the distance between the levels is of the order of ¢?). For a value of y differing widely from 
unity, the relationship (27) has the character of weak oscillations about the straight line with 
gradually increasing (with increase in //) amplitude. This effect has apparently not yet been 


observed experimentally. 
The oscillation effects in the vase of doubled trajectories do not have any unusual features 


except for the fact that the phase of the oscillating factor 
cos 


is great even for very small filling of the area by the particles, since in this case the calculation of 


the levels is not from zero. 
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5. MORE ON THE PROBLEM OF THE EXPANSION OF THE ENERGY LEVELS 
OF THE ELECTRON 


In papers [2, 3, 5] the expansion of the energy levels of the electron was considered with an 
arbitrary dispersion law. The expansion is closely dependent on the form of the trajectory of the 
electron in the k-space. or closed trajectories separated by large intervals of an imaginary 
impulse, as observed already [2, 5], the expansion is of the order of e. 

The origin of the expansion of the levels is especially clearly seen from the following dis- 


cussion. Kquation (1) is written in the form: 


exp (ixn, f(x — n,c®) = Ef (x), 


a 


A‘. = A_.exp (iks"s —i et) 


Here x =a,k, The elementary cell has a length 27 in the x-direction. The range from a certain 
x =gtox-=gq+ 27 is broken up into sections each of &. Equation (28) is now considered as 
a system of linear equations for 2 7/e? unknown functions: 


f(g), FQ + Fg + (29) 


All independent variables f (x—n,e), emerging during the internal from q to q + 27, are related to the 
components in this interval by means of the relationship 


f(x + 2x) = exp (ip) (x), (30) 


which follows from the periodicity of the coefficients in the tlamiltonian (28). The secular equation 


for obtaining the system will then appear as follows: 


D(E, cosp, 9) = 9. 


The solution of this equation will be 2F real roots 


E=E(n, cosp, 9)- (3 2) 


The system of linear equations considered is developed if the replacement is made g+q + &. There- 
fore, for g it is sufficient to keep to the range 


(33) 


Change in the sign of g does not change equation (31). This means that the roots of this equation 
(32) depend only on g? 


E=E(n, cosp, 9°). 


Two parameters describing the expansion are connected with the periodicity of the reverse lattice 
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in both directions. For closed trajectories, separated by large intervals x, the expansion connected 
with the periodicity in the x-direction is exponentially small 


~exp (— xj/e’), 


as shown in papers [2, 3] and there only remains the expansion caused by the dependence of the 
energy on q. This expansion has a value of the order of g? ~ é4. 
This order of expansion in the case of closed trajectories requires for calculation the use of 


an exact equation given in [2]. Using the operator L (formula (7) of paper [2]) gives 


Ae 


A 
s 


— exp (— exp gr) dt. 


From the form of the operators L it is clear that only 


should be considered, since the energy is a periodic function of k, with the period 
a? 


To calculate the integral on the right-hand side of (35) we use expression (11) of paper [2] for the 
function uz, Using the relationship 


and the properties of the coefficients 6? (see the mathematical application of No. 2 to paper [2)), it 
is possible to calculate the sum on the right-hand side of (35). In the summation sign there appears 
the factor ¢, which makes it possible to calculate the integral on the right-hand side using quasi- 
classical functions, obtained by neglecting terms of the order of «*. The general properties of these 
functions permit further conversion of (35) to the form of (36), where ¢ is in the summation sign 


im? 
[m, +25 (41 freor +5 )x 


m,>0 0 
ms 


{ik, [ms (ky dks 
X exp {iks [ms a2 dky 
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0b— 
Cm, = Vz [1 — exp exp 


(im,k,) exp [its (ms + dk, dhs, 


1 
Dinymg = exp (i2h,) exp + ik, (ms + dk, dkg, 


The coefficients Cum: and Diy ms for 


Ry 4 a2 


are of one order of value (in dimensionless units) and depend on 57, i.e. not only on the law of 
dispersion in the absence of a magnetic field, but also on the natural functions (on the genesis of 
the dispersion law). Thus, the expansion was real, having an order of «4 and depending on the 
origin of the dispersion law the same as all termsof the order of e*, rejected when deriving equation 
(1). 
Expression (36) can be simplified considerably for lower levels of the zone if the dispersion 
law for them can be considered quadratic. The integrals in the numerator and denominator in this 
case can be considered as unity with an accuracy of the rejected small values. Expression (36) can 


lead to the following simplest possible form: 


2 hyh 
h 2 1%3 


En, 


2 | 
b- (0, 0, Rs) (39) 


Oke ok’ 


2 
ar’ 


The numerator in (38) for B = 0 becomes zero. If B; and b> fall rapidly with increase in he; then 


(38) can be written in the form 


by 4- 26, cos 


Bo + 2B, cos 8 
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Results are given of systematic investigations 
of the magnetic, electrical and mechanical proper- 
ties of high-chromium steels Kh12M and Kh12F 1 
after different heat-treatments, including low- 
temperature treatment. With the results obtained it 
is possible to prescribe suitable conditions of 
heat-treatment, which ensure high mechanical pro- 
perties and dimensional stability of parts made 
from these steels. By means of a magnetic test 
method, the amount of residual austenite at various 
stages of heat-treatment was determined. It is 
shown that mass control of the quality of heat- 
treatment for these steels can be accomplished 
more accurately by means of measurements of the 
magnetic or electrical properties than by hardness 
measurements. 

The high sensitivity of the magnetic properties 
of metals and alloys to structural changes can be 
successfully employed for discovering and defining 
the mechanism of transformations taking place 
during heat, thermo-chemical and thermo-mechanic- 
al treatments of steel parts. A detailed study of 
the relation between the magnetic and electrical 
properties, on the one hand, and the mechanical 
properties and structure, on the other, permits also 
the development and utilization of electromagnetic 
methods of quality control for steel and cast iron 
parts 

The mechanical properties of parts made from 
high-chromium steels Kh12M and Kh12F1, as well 
as the phenomenon of “growth” observed in these 
steels, consisting in an increase of the dimensions 
of parts with time, depend to a large extent on the 
amount of residual austenite [2, 3]. Control of 


quality of such parts, depending on hardness mea- 
surements and metallographic study of structure, is 


incapable of determining the amount of residual 
austenite in parts with a sufficient accuracy for 
practical purposes. Study of the magnetic and elec- 
trical properties permits a precise determination of 


* Fiz. metal. metalloved., 7, No. 4, 513-526, 1959. 


the amount of residual austenite at different stages 
of heat-treatment, and is therefore employed both 
for checking the efficacy of the heat-treatment 
conditions selected and for devising a magnetic 
method for mass control in the plant of the quality 
of heat-treatment of steel parts [4-8]. 


TEST METHODS AND MATERIALS 


The magnetic and electrical properties of steels 
Kh12M and Kh12F 1 were studied after different 
heat-treatments, including both quenching and 
tempering under standard conditions, and all pos- 
sible variants of such conditions which are permit- 
ted in the processes of quenching or tempering, or 
in both these heat-treatment operations. 

The investigation was made on commercial 
grades of high-chromium steels (Kh12Mand Kh12F1), 
whose compositions are given in Table 1. 

The magnetic properties were determined by the 
ballistic method on impact-type specimens, having 
dimensions of 10 x 10 x 66 mm (untreated) and 8 x 
8 x 65 mm (quenched) and prepared from the same 
bar. To take into account the demagnetizing effect 
of free ends of these specimens, supplementary 
measurements were made of the actual resultant 
magnetizing field, using special flat, calibrated 
coils. 

Heat-treatment of the specimens was carried out 
in tubular electric furnaces. The time of holding 
during heating prior to quenching and during temp- 
ering varied within wide limits. Heating the speci- 
mens prior to quenching took place in two furnaces: 
in the first furnace, the specimens were heated at 
850°C for 10 or 15 min from the moment of reachin 
that temperature, while in the second furnace final 
heating to the quenching temperature was perform- 
ed. Quenching was carried out in oil at room tem- 
perature or in an air stream (under a fan). In all 
cases, special measures were taken to prevent the 
specimens against decarburization during heating. 
For that very reason, before quenching, the speci- 
mens were chromium plated to a thickness of 


Properties of high-chromium steels after different heat-treatments 


TABLE 1. Compositions of steels investigated (%) 


Steel | C 


Kh12M . 
Khl2F1 - - 


FIG. 1. Diagram of the ballistic apparatus for differ- 
ential measurement of saturation magnetization, 


15-20 uw. After quenching, a surface layer 1 mm 
thick was removed from all sides of the specimens 
by grinding. 

Magnetization was measured in an electromagnet 
with a magnetizing field of about 4500 oersted. To 
increase the precision of the measurements of the 
intensity of magnetization, a differential method 
was used, which consisted in measurement of the 
difference of the intensities of magnetization of 
two specimens, one of them being a standard with 
a known value of the intensity of magnetization, 
I,,, and the other being one of the test specimens. 

Fig. 1 shows a diagram of the apparatus. On 
reversing the current in the electromagnet NS, a 
deflexion a is produced of the moving system of the 
system of the galvanometer,* which is proportional 
to the difference of the magnetic currents in the 
standard (s) and test (x) specimens. With a small 
difference of the sections of the standard and test 
specimens, and small differences of the magnetizing 


* The ballistic galvanometer used had a period of free 
oscillations of 79 sec. 


fields 1, and H,, the intensity of magnetization 
I;, of the test specimen is determined by the 
formula 


C S 


we 87n,S5 S, 


where Cy is the constant of the ballistic galvano- 
meter with a resistance r, at which the galvano- 
meter is closed; n, is the number of turns in the 
measuring windings on the specimens, connected 
in series and “against” one another; S, and S, are 
the cross-sectional areas of the standard and test 
specimens. 

The standards were provided by speeimens sub- 
jected to quenching from 1125°C (steel Kh12M) or 
1140°C (steel Kh12F 1), low-temperature treatment 
and repeated tempering (up to 10 times) at 530- 
650°C with additional cooling to — 195°C after 
each tempering. With this type of heat-treatment, 
one may expect maximum decomposition of austen- 
ite in these specimens. It was therefore assumed 
that 100 per cent decomposition of austenite had 
taken place in them, and the amount of residual 
austenite in all other specimens was determined 
by reference to them. 

The amount of residual austenite, A (in per cent), 
in specimens was determined, with an accuracy 
depending on the difference in the carbide phases 
of the standard and test specimens, by the formula 


Iss 


where /,, is the saturation magnetization of the 
standard specimen. 

In Table 2 are quoted the mean values of the 
characteristic physical properties (with deviations 
from the mean values) of the test steels in the 
initial condition, obtained in measurements on a 
large number of specimens. 
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TABLE 2. Mean values of characteristic physical properties 


hardness 


Max. magnetic 


Rockwell B |Coercive force| Permeability 


Hc (oersted) ax 
(G/oersted) T, (G) 


Specific 
electrical 
resistance 


p. 10° (Q2.em) 


Intensity of 
magnetization 


Khl2M .... | 94.041.5 
KhI@Fl---- 94.5+1.5 


3.69 +0.03 
4.16+0.05 


128443 
129643 


490 + 10 
425415 


25 


| f 


US: 
850 1050 125076 850 1050 1250 


FIG. 2a. Magnetic electrical and mechanical aj.) properties of 


steel Kh12F 1 after quenching from different temperatures: 


1 — after quenching; 


2 — after first tempering at 520°C; 
3 — after second tempering at 520°C, 2 hr each. 
Quenching in air. 


FIG. 26. As for Fig. 2a. Quenching in oil. 


In the initial state, the specimens had a fine- 
grained pearlitic structure with a more or less uni- 
form distribution of carbides. 


RESULTS AND DISCUSSION 


The results of measurements of the magnetic 
and electrical properties of steels Kh12M and 
Kh12F1, and a comparison with the mechanical 
properties and structure after different heat-treat- 
ments are shown graphically in Figs. 2-13. In 
Figs. 2a and 2b are presented the curves of the 
magnetic (H., /, and pmax), electrical (p) and 


mechanical (Rc and properties of steel Kh12F1, 


quenched in air (Fig. 2a) and oil (Fig. 26). By 
comparing the corresponding curves in Figs. 2a 
and 26, it can be seen that after quenching in air 
and oil, the specimens have practically identical 
properties. Figure 3 presents similar curves for 
steel Kh12V quenched in air. 

From a comparison of the corresponding curves 
Figs. 2 and 3), it follows that the variation of the 
physical properties being investigated, as a func- 
tion of the temperatures of quenching and temper- 
ing, is practically the same for two steels, there 
being only small numerical differences. Conse- 
quently, hardness Rc cannot be employed for the 
control of quality of quenching for parts made from 
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7100 


FIG. 3. Magnetic, electrical and mechanical properties 
of steel Kh12M after juenching from different 
temperatures in air: 

1 — after quenching; 
2 — after first tempering at 520°C; 
3 — after second tempering at 520°C, 2 hr each. 


steels Kh12VI and Kh12F1, since the same values 
of hardness are possessed both by those parts 
which were quenched normally and the parts which 
were substantially underheated prior to quenching, 
assuming that the normal temperature of quenching 
is 1100-1150°C. 

Reliable control of the efficiency of quenching, 
i.e. the ability of separating all underheated and 
overheated parts from those which have been quench- 
ed normally, can only be provided by measurements 
of the saturation magnetization or magnetic permea- 
bility #max, measured at magnetizing fields close 
to their maximum values. The coercive force, too, 
can be successfully employed for checking the 
quality of quenching of parts. It must be noted, how- 
ever, that even slight decarburization of parts, 
which is possible at high temperatures, will alter 
the shape of the curve of the coercive force vs. 
quenching temperature. 

In order to explain this influence, measure- 
ments of the coercive force were made on specimens 
quenched from different temperatures. The results 
of these tests are shown in the form of graphs in 
Fig. 4. The strong effect of surface decarburization 
on the value of the coercive force of a specimen 
with a low intensity of magnetization is shown in 
Fig. 5. Decarburization of the specimen was simu- 
lated in this case by tightly clamping transformer- 
steel plates of different thickness on to the ground 


/ 
7200 


00 =1000 


FIG. 4. Coercive force of steel Khl12M quenched 
in air: 
1 and 2 — specimens with surface layer 0.1 and 1 mm 
thick, respectively, ground away; 
3 —chromium-plated specimens with surface 
layer 1 mm thick ground away on all sides. 


surface of the specimen. 

The rapid increase of the coercive force, observ- 
ed for high quenching temperatures (Figs 2-4), is 
presumably due to the presence of small ferromag- 
netic particles in the boundary zones of austenitic 
grains. 

The small maximum, present on the curves shown 
here for the relation between the coercive force and 
the quenching temperature (Figs. 2-3), is caused 
by a variation in the amount of residual austenite, 
and is similar to the variation in the coercive force 
of quenched steel ShKh15, reported by Vainshtein 
and Livshits [9]. Cooling a specimen after quench- 
ing to the temperature of liquid nitrogen results in 
some reduction of the values of the coercive force 

and a more pronounced maximum on the curves of 
H, va: quenching temperature (curves 2 in Fig. 6). 

The shape of the curves of the intensity of mag- 
netization for quenched specimens before and after 
low-temperature treatment confirms that the amount 
of residual austenite in these specimens decreases 
upon cooling to the temperature of liquid nitrogen. 
Maximum decomposition of residual austenite 
(AA) is observed in specimens quenched from 
1150°C, and is associated with maximum elongation 
(AL) of the specimens (Fig. 7). Cooling of speci- 
mens to the temperature of liquid nitrogen after 
quenching (from a high temperature) is accompanied 
by a substantial change in the shape of the curves 
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0 002 2804 006 


Section of covering strips (cm?) 


FIG. 5. Variation of coercive force and intensity of 

magnetization of specimens from steel Kh12M, 

quenched from 1200°C in air, as functions of cross- 
sectional area of covering strips: 

1 and 2 — in quenched condition; 

3 and 4 — after quenching and tempering at 600°C. 
600°C. 


! 
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FIG. 7. 1 — reduction of amount of residual austenite 
(AA); 
2 — increase of length (AL) of specimens from 
steel Kh12\! quenched from different temp- 
erature of liquid nitrogen. 


of the magnetic and electrical properties vs, quench- 
ing temperature (Fig. 6). At the same time hardness 
increases and the amount of residual austenite 
decreases. On the curve of the coercive force vs. 
anenching temnerature a sharniv-defined maximum 
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FIG. 6. Magnetic, electrical and mechanical properties of 
steel Kh12F1 after quenching from different temperatures 
in oil: 1 — in quenched condition; 

2 — after quenching and cooling to — 195°C; 

3 — after quenching, low-temperature treatment and single 
tempering at 520°C for 2 hr; 

4 — ditto, after double tempering at 520°C, 2 hr each. 
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FIG. 8. Relation between characteristics of 
steel Kh12F1 quenched from 
1050°C in oil and temperature of 
tempering, with holding 
for 1 hr. 


appears in the temperature region of 1050- 1075°C. 
The specific resistance increases, reaching a 
maximum in specimens quenched from 1150°C, pre- 
sumably owing to the development of stresses as a 
result of austenite decomposition and vossiblv of 
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FIG. 9. Relation between characteristics of steel 
Kh12F1 quenched from 1140°C in oil ana 
temperature of tempering, with holding for 1 hr: 
1 — after first tempering; 

2 — after third tempering. 


microcracks, such as are produced in steel on deep 
cooling [2, 10-11]. 

The amount of residual austenite, as will be seen 
from Figs. 2-3, increases with increasing tempera- 
ture of quenching. The first and second tempering 
treatments at 520°C effectively reduce the amount 
of residual austenite in all specimens quenched 
from temperatures not exceeding 1100°C. All spe- 
cimens quenched from temperatures above 1100°C 
exhibit a very high stability of their residual aus- 
tenite. Thus, even after double tempering at 520°C, 
the amount of residual austenite in specimens quen- 
ched from 1150°C is still more than 80 per cent 
(Figs. 2-3). 

Intensified growth of the austenitic grain, observ- 
ed for quenching temperatures of above 1175-1200°C 
and accumulation in the boundary zones of inclus- 
ions and carbides precipitated during cooling subs- 
tantially, and reduce the toughness of steel. It can be 
seen from the curves in Figs. 2-3 that the impact 
strength, a;, of specimens quenched from 1250°C 
and tempered twice at 520°C decreases rapidly, in 
spite of the presence in their structure of 94-97 
per cent of austenite. 

In Figs. 8 and 9 and Tables 3 and 4 are presented 
(for two types of heat-treatment for primary and 
secondary hardness [4, 12]) the data on the mag- 
netic, electrical and mechanical properties of steels 


6 


Holding time (hr) 


FIG. 10. Magnetic, electrical and mechanical properties 
of steel Khl12F1 quenched from 1140°C in oil and 
tempered, with different holding times: 

1, 2 and 3 — tempering at 530, 550 and 600°C, 

respectively. . 


quenched from 1025 and 1125°C (Kh12M), and 1050 
and 1140°C (Kh12F 1), and tempered at different 
temperatures for 1] hr. 

It will be seen from the curves in Figs. 2, 3, 6 
and 8 and from Table 3 that quenching of the 
steels investigated from 1025 and 1050°C gives a 
high hardness (63-65 Rc) at a relatively small 
amount of residual austenite (25-30 per cent). From 
the same curves it can be seen that these steels 
rapidly lose their hardness at a relatively low 
temperature of tempering (150- 200°C), but a hard- 
ness of more than 57-58 Kc is maintained even 
after repeated tempering at temperatures up to 
500 - 540°C. Quenching from 1125 and 1140°C gives 
a high content of residual austenite (95 - 97 per 
cent) and a low hardness (41-45 Rc). The maxi- 
mum hardness (60-61 Rc) in such specimens is 
attained after 1-2 tempering treatments for 1 hr at 
a temperature of 550- 560°C. This is due to the 
fact that tempering of quenched high-chromium 
alloys at 500-550°C is accompanied by precipitation 
of highly dispersed special carbides from austen- 
ite and transformation of the impoverished austen- 
ite into martensite during subsequent cooling [14, 
15]. 

The hardness of normally-quenched parts (Table 
4 and Fig. 9) does not provide a unique, repeatable 
curve as a function of the tempering temperature. 
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FIG. 11. Relation between magnetic, electrical and mechanical 
properties of steel Khl12F1 quenched from 1140°C in oil and 
the number of tempering treatments at 530°C: 

1 — 5 — tempering duration of 15, 30, 60, 120 and 240 min, 
respectively. 
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FIG. 12a. Relation between magnetic, electrical and FIG. 126. As for Fig. 12a. 
mechanical properties of steel Khl2F1 quenched Tempering at 600°C. 
from 1140°C in oil and the number of tempering 
treatments at 550°C: 
1 — 4 — tempering duration of 10, 15, 60 and 
240 min, respectively. 


The same values of hardness may be found in parts ture, duration and number of tempering treatments 
which were tempered at temperatures departing strongly affect the magnetic, electrical and mecha- 


quite substantially in either direction from the nical properties of the steels investigated. From 
normal temperature. Fig. 10 (curves 1), it will be seen that increasing 


As can be seen from Figs. 10-12, the tempera- the time of holding during tempering (530°C) 
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00 300°C 


FIG. 13. Magnetic, electrical and mechanical properties 
of steel Kh12F1 quenched from 1140°C in oil after 
low-temperature treatment: 

o — directly after quenching; 
e — after holding at room temperature for 6 days. 


results in a steady decrease of the amount of resi- 
dual austenite from 97 per cent after quenching to 
40 per cent after tempering lasting 4 hr. The hard- 
ness at the same time increases correspondingly 
from 41 to 60 Rc. The coercive force after short 
tempering at 530°C decreases and then begins to 
increase, reaching a maximum after tempering last- 
ing about | hr. Tempering for 2 hr or more results 
in practically no further reduction in the coercive 
force. The presence of a maximum on the curve of 
the coercive force vs. duration of tempering can 
probably be explained by the generation of dispers- 
sion stresses, this being similar to the variation of 
the coercive force of dispersion-hardening iron- 
molybdenum alloys [13]. 

Similar changes can also be observed in conse- 
quence of tempering at 550°C (curves 2, Fig. 10). 
With this tempering,however, the hardness at first 
increases, reaching its maximum value of 60-61 
Rc with a duration of 1.5-2 hr, after which the 
hardness falls off once again, presumably because 
of coagulation of carbides and troostite formation. 

Tempering at 600°C (curve 3, Fig. 10), even of 
short duration (10-15 min), results in practically 
complete austenite decomposition. However, in this 
case the coercive force and hardness continue 
decreasing all the time, while the maximum mag- 
netic permeability increases right up to duration of 
more than 4 hr. This type of variation of the 


magnetic and mechanical properties (hardness) is 
brought about by carbide coagulation and protract- 
ed stress relieving. Beyon a 30 min duration, the 
specific resistance shows practically no decrease. 

In Figs. 11 and 12 are presented the curves of 
variation of the physical properties of steel Kh] 2F 1 
plotted against the number of tempering treatments 
for different holding times. The appearance of max- 
ima on the curves of the coercive force after some 
short-duration tempering treatments is associated 
of course with the critical degree of dispersion of 
special carbides responsible for secondary harden- 
ing. The hardness maximum moves in the direction of 
lower numbers of tempering treatments with increas- 
ing holding time. A hardness of more than 60 Rc 
cannot be attained if the holding time exceeds 1-2 
hr at 550°C or 4 hr at 530°C. 

From the curves in Figs. 12b it will be seen that, 
in the case of repeated tempering at 600°C, residual 
austenite is already practically absent after the 
first treatment even after short holding times, while 
the coercive force and the maximum magnetic perm- 
eability decrease substantially during up to 6-8 
tempering treatments. This must be due to carbide 
coagulation and fuller relief of internal stresses. To 
achieve optimum mechanical properties, it is advis- 
able, as shown earlier [4], to replace single, pro- 
longed tempering by multiple tempering with shorter 
holding times, as this ensures fuller decomposition 
of résidual austenite and attainment of maximum 
secondary hardness. 

It is known [16, 17] that the degree of stabiliza- 
tion of residual austenite in steel Kh12F'1 depends 
on the conditions of heat-treatment. From the 
curves shown in Fig. 13 it can be seen that stabi- 
lization of residual austenite takes place only with 
quenching temperatures below 1100-1125°C. On 
quenching from temperatures above 1125°C (second- 
ary-hardness treatment), on the other hand, holding 
at room temperature prior to low-temperature treat- 
ment (Fig. 13) or prior to tempering (Table 5) 
results in a slightly lower content of residual aus- 
tenite. A similar phenomenon is produced by partial 
isothermal transformation of austenite into marten- 
site at room temperature, which is indicated by an 
increase of hardness [17] and, presumably, a re- 
duction in the amount of carbon dissolved in aus- 
tenite. In Table 5 are given the data on the effect 
of holding time at room temperature between quench- 
ing and tempering on decomposition of residual 
austenite during tempering. It will be seen from 
Table 5 that, on quenching from 1140°C, holding at 
room temperature for up to 50 hr results in fuller 
decomposition of residual austenite during subsequent 
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TABLE 5. Effect of time of holding at room temperature after quenching on austenite 
stabilization and physical properties 


| After Holding time | Number of quenching treatments 


quenching, at + 20°C 
Physical Properties:a after 
1140°C | quenching 


at 550°C, 1 hr each 


Coercive force 
(oersted) 


Max. magnetic 
permeability 
Hmax (G/oersted) 


Field of max. 
perme ability 
Humax (oersted) 


Saturation 
Magnetization 


I; (G) 


Specific electr. | 
resistance p.10°: 6,75 + 0,05 
(Q. cm) 


Rockwell C 
hardness Hr 
c 


Amount of 
residual 
austenite A(%) 


tempering of steel Kh12F 1 at 550°C, which does 
not agree with the views of a number of authors 
referred to above [16, 17], on the stabilization of 
residual austenite as a result of a time gap between 
quenching and subsequent tempering treatments or 
low-temperature treatment. 


CONCLUSIONS 


1. For high-chromium steels Kh12M and Kh12F1, 
it is possible to employ a wide range of tempera- 
tures in heating prior to quenching and in tempering 
depending on the properties required in the parts. 
The maximum temperature for heating prior to quen- 
ching must be taken as 1175-1185°C, since above 
these temperatures rapid grain growth occurs, 
together with accumulation in the boundary layers 
of all kinds of non-metallic inclusions and carbides 
precipitated during cooling, which adversely affect 


the mechanical properties. In view of the pronounc- 


ed sensitivity of high-chromium steels to decarbur- 
ization, it is necessary to adopt measures for pro- 
tecting parts against decarburization during heat- 
treatment, which in fact receives in practice due 
attention [18]. 

2. The optimum heat-treatment for primary hard- 
ness may be taken to consist of quenching from a 
temperature of 1020-1040°C for steel Kh12¥, or 
1025 - 1050°C for steel Kh12F 1, with cooling in 
oil or air under a fan, and subsequent tempering 
for 2 hr at 150- 200°C. Tempering at 450-500°C 
does not result in transformation of residual aus- 
tenite, which is preserved in the same amount as 
after quenching. A high hardness (above 61 R¢ is 
maintained at tempering temperatures of up to 
200°C, while a hardness of more than 59 K¢ is 
maintained up to tempering temperatures of 450- 


500°C. 


48 
| 
5 min | 87.7 78.8 57.2 45.9 
10545 3 br | 935 | 760] 537 | 43.8 
| 50 br | 85.2 70.6 50.4 43.9 
5 mit | 13.7 | 65.3 | 118.6 | 149.7 
2.540.2 3 hr 16 4 69.9 1245 
| | 50 hr | 33.7 | 86,5 | 134.8 | 166.0 
| 5 min 115 105 | 70 56.5 
150+5 | 3 hr 105 103 | 68 
50 hr 120 | 69 55.0 
5 min | 418 1126 1260 | 1276 
47410 | 3 br 471 1152 | 1263 | 1276 
[J 50 hr 779 1217 1270 1278 7 
5 min 6.22 5.17 4.60 4.47 12. 
3 hr 6.28 5.15 4.60 4.48 
50 hr 5.83 | 4.87 4.55 4.47 
5 min 53.6 60.1 56.5 54.6 
42+2 13 hr 55.8 59.8 56.0 54.3 
50 hr 59.8 58.4 55.5 53.4 
5 min 68 13 3 2 
95+2 | 3 hr 64 11 3 2 
50 hr 40 6 2 2 
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3. In heat-treatment for secondary hardness, the 
quenching temperature should be selected within 
the range of 1100-1175°C. After quenching, temper- 
ing should be carried out at 520-550°C, which en- 
sures a hardness of 60-61 Rc. To obtain the opti- 


mum mechanical properties, it is recommended to 
replace single, prolonged tempering by multiple 
tempering with shorter holding periods, since this 
promotes fuller decomposition of residual austenite 
and permits the maximum secondary hardness to be 
attained. In procedures involving adoption of 
multiple tempering, it is necessary to exercise 
control of the mechanical properties and of the 
amount of residual austenite, using the magnetic 
properties for the purpose, after each tempering. 
Low-temperature treatment after quenching enables 
the number of successive tempering operations to be 
reduced. 

4. On quenching from temperatures above 1125°C 
(treatment for secondary hardness), the effect of 
stabilization is absent; holding at room temperature 
before low-temperature treatment or before temper- 
ing results in a slight reduction of the residual 
austenite content. 

5. Control of the quality of quenching and temper- 


ing by measurement of hardness cannot possibly 
give satisfactory results, since the same values of 
hardness are observed in parts with different temp- 
eratures of quenching and tempering. 

6. Mass control of the quality of heat-treatment 
of important parts made from steels Kh12V and 
Kh12F 1 may be carried out more accurately by mea- 
surements of the magnetic or electric properties 
than by measurements of hardness. 

The magnetic parameters which may be recom- 
mended for the control of heat-treatment of parts 
from these steels are the intensity of magnetization, 
1,, magnetic permeability, max, and coercive 
force, H., as well as the specific electrical resist- 
ance, p. For magnetic control of the quality of heat- 
treatment of parts made from these steels may be 
recommended the differential magnetic instrument 
[8, 19, 20], developed earlier and already proved to 
be satisfactory, providing control by two magnetic 
characteristics: the coercive force and saturation 
magnetization. 


Translated internally 
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13. FLAW DETECTOR FOR 


INVESTIGATION OF FLAW DETECTION IN TRACK RAILS IN MOVING MAGNETIC FIELDS 
INSPECTION OF RAILS AT HIGH TRAVEL VELOCITIES* 


V.V. VLASOV, A.I. VOROB’YEV and Ye.I. USPENSKII 
Metal Physic Institute of USSR Academy of Sciences 


As is well known only a few electromagnetic 
and ultrasonic methods have actually been employ- 
ed for the detection of flaws in track rails [1]. 

(Under conditions of great track lengths and high 
traffic density, the problem of increasing the velo- 
city of travel of the inspection equipment acquires 
particular importance. This had led us to under- 
take an investigation of flaw detection in rails in 
moving magnetic fields. 

his particular field of flaw detection had re- 
ceived relatively little attention prior to our invest- 
igation. The papers [2, 3] did in fact cover the 
theoretical and experimental principles of flaw 
detection in rails in moving magnetic fields. In 
particular, it was shown to be possible to detect 
flaws in rails at relatively high travel velocities 
(up to 90 km/hr). It was established that, when 
rails are magnetized with a moving field source, 
fairly strong eddy currents are induced in them. It 
was shown that these currents take part in shaping 
the field of a flaw, their role in flaw detection in- 
creasing with increasing velocity of travel of the 
external magnetic field. The problem of employing 
eddy currents induced in rails by a moving magnet- 
ic field for the purposes of flaw detection in rails 
was thereby solved. Furthermore, through a study 
of the types of e.m.f. impulses induced in the 
search coil by dangerous and harmless rail defects 
and by metallic track construction elements it was 
possible to solve quite satisfactorily the problem of 
selection of useful signals. All this enabled sub- 
stantial modifications to be introduced into the 
procedure of rail inspection in moving magnetic 


fields 


DESIGN OF FLAW DETECTOR 


The equipment for the inspection of rails at a 
high travel velocity was installed in a standard 


* Fiz. metal. metalloved., 7, No. 4, 527-533, 1959. 


(Received 19 December 1958) 


passenger carriage, pulled in operation by a steam 
or electric locomotive. This particular flaw detector 
was built in 1952 [4, 5] as a result of reconstruction, 
based on the investigation discussed above, of a 
relatively unknown flaw detector of an old type [6], 
working at a travel velocity of up to 30-35 km/hr. 
The new flaw detector acquired the same name. 

The principle of operation of the new flaw-detect- 
or carriage, illustrated in Fig. 1, is basically not 
original. As regards special features of design of 
individual units and conditions of operation of the 
flaw detector, the following should be noted. 

The electromagnets are suspended above the rails 
from a special bogie. In the first, experimental flaw- 
detector carriage, an ordinary carriage bogie with 
standard wheels was used, whereas later flaw- 
detector carriages employed bogies with relatively 
small wheels. In the latter case, the bogie can be 
raised and secured to the carriage frame, which is 
necessary when transferring the detector from one 
track on to another in the make-up of any train. 

The air gap between each pole-shoe of the electro- 
magnet and the rail-head surface varies in width in 
different models of the flaw-detector between 10 
and 30 mm. The winding of each electromagnet 
consists of 2400 turns. The current intensity in the 
electromagnets varies, depending on the width of 
the air gap, between 8 and 30 A. 

An example of the relation between the magnetic 
field in the heads of type I and IV rails and the 
current intensity in the electromagnet, with a 
15 mm air gap between pole shoes and rail, in the 
absence of motion is shown in Fig. 2 (the field was 
determined ballistically by projecting a small flat 
coil away from the rail-head surface). 

It will be seen from Fig. 1 that the searching 
device consists of a coil located above the rail 
half-way between the electromagnet poles, with 
the plane of its turns at right angles to the longi- 
tudinal axis of the rail. The coil rests on a 0.5 mm 
thick slide made from stainless (non-magnetic) 
steel. 

The flaw-detector provides a continuous record 
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FIG. 1. Diagrammatic arrangement of flaw detector: 


= 

2 — electromagnet; 

3 — search coil; 

4 — amplifier; 

5 — light source; 

6 — vibrator of magneto-electric 
7 — cine film. 


oscillograph; 


DShchR- 


990 


I, (A) 


FIG. 2. Relation between field H 
in rails and current intensity in 
electromagnet in absence of 

motion: 


1 — for type IV-A rail; 
2 — for type I-A rail. 


FIG. 3. Diagram of sources of one energy and its chief outlets in flaw detector: 


RD-2 


DShchR-8 — 


AK 


TG 
APN-10 — 


— carriage enerator [7] giving a current of up 


to 70 at 50- 


— battery of type 26-VP-400; 
locomotive turbogenerator; 


less system; 


PM — developing machine; 
E, and E, — ammeters; 
R, and R, — rheostats in electromagnet feeder circuit; 


L,, L; and 


lamps. 


typical switchboard with appropriate controls [3]; 


transformer of d.c. into a.c., used in train wire- 
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of the e.m.f. on a negative 35 mm film, obtained 
with a type MPO-2 magnetoelectric oscillograph in 
which standard magazines have been replaced by 
ones holding up to 300 m of cine film. Film consum- 
ption with simultaneous recording of two track 
traces on one film amounts to approximately 5 m 
per 1 km of track. Film development is carried out 
on a type 60P-1 developing machine permitting the 
treatment of up to 180m of film per hr. After deve- 
lopment, the film is appropriately examined. In this 
task, one must be guided by the description in the 
paper [3] of the characteristic features of the shape 
of e.m.f. curves. To strengthen the e.m.f. impulses 
induced in the search coils, a two-channel, two- 
cascade amplifier is used on resistances. The con- 
nexion between the oscillograph vibrators and the 
amplifier output cascades is via a transformer. 

The electrical energy required for the operation 
of the flaw-detector is supplied by a standard car- 
riage power plant mounted in the detector carriage. 
The diagram of such a power plant, indicating the 
chief outlets for electrical energy, is shown in 
Fig. 3. The principal source of electrical energy is 
a transverse field generator [7|but, if necessary, 
the energy may be supplied from outside, e.g. from 
a turbo-generator of a steam locomotive or from an 
electric locomotive. 


TECHNIQUE OF FLAW DETECTION IN RAILS 


A flaw-detector carriage permits examination of 
rails at a high travel velocity at any time of day 
and under any weather conditions. The experiment- 
al flaw-detector carriage currently used can travel 
at a speed of up to 90 km/hr. Recent flaw detectors 
operate at travel velocities of up to 55 km/hr [8, 9]. 

Experience has shown that flaw-detector carriages 
satisfactorily disclose the following rail defects: 

1. Fairly major transverse cracks in the rail 
head, located at a low depth or extending right 
through to the rolling surface, head underside or 
head side surface (the last case is illustrated in 
Fig. 4); 

2. smaller transverse cracks in the rail head, locat- 
ed on one side of the vertical rail axis, at a relat- 
ively small depth or extending to the head underside, 
side surface or the rolling surface; 

3. fairly severe transverse cracks in welded 
joints, as well as cracks extending from foot to 
head of rail and transverse rail fractures; 

4. longitudinal, horizontal lamination at any 
level of the rail head, located at a relatively smal! 
depth or extending to one or both side surfaces of 
the head, but chiefly disposed to one side of the 


FIG. 4. Transverse crack in rail head, extending to 
side surface. 


FIG. 5. Longitudinal-transverse crack in 
rail head. 


vertical rail axis; 

5. longitudinal -transverse cracks of the type 
shown in Fig. 5 and more complex defects, similar 
to the one illustrated in Fig. 6, when located at a 
relatively small depth or extending to the rail-head 
surface. 

Examples of the e.m.f. curves induced in the 
search coil of the flaw detector are shown in Figs. 
7 and 8. On these curves, among the oscillating 
impulses from the sleeper plates, can be seen dis- 
turbances corresponding to defects: an internal 
transverse crack in the rail head (Fig. 7) and a case 
of longitudinal horizontal lamination (Fig. 8). It 
must be added that in practice more complicated 
oscillograms are encountered. For this reason the 
operation of flaw-detector carriages can only be 
satisfactory when their personnel is adequately 
familiar with the technique of analysis of the e.m.f. 
curves. 

An essential factor in the operation of the flaw 
detector is the correct tying up of the film with 
track. This is carried out by marking the track 
kilometre signs on the film. A separate oscillograph 
vibrator is used for this purpose. The marking of 
the track kilometre signs is done by briefly sending 
the electric current through the vibrator circuit and 
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FIG. 6. Complex crack in rail head. 


FIG. 8. As in Fig. 7. The relatively strong impulse 

on the bottom curve corresponds to longitudinal, hori- 

zontal lamination over the whole rail width. The oscil- 

lograms in Figs. 7 and 8 have been obtained by record- 

ing from right to left. Defect impulseson these oscil- 

lograms should therefore be examined in the same 
direction. 


FIG. 7. Typical oscillogram of e.m.f. induced in search 
coils of flaw detector at travel speed of up to 50 km/hr . 
The strong disturbances near the oscillogram edges 
correspond to gaps between neighbouring rails and ends 
of fish-plates, while the biggest, alternating impulses 
correspond to sleeper plates. The relatively narrow 
impulse on the top curve indicates a transverse crack. 


TABLE 1. Conclusions regarding rail defects, arrived at from flaw-detector carriage data, 
compared with results of direct examination and check fractures. 


Number of defects 
A di 
Type of rail-head According 
defect to inspection 
oscillograms| and check 
fractures 


Teakeveras cracks 1 proved to be internal crack, 
2 — longitudinal laminations, not 


extending to 24 21 
surface strictly horizontal, over whole 
width 


Internal transverse 2 proved to be blisters 
cracks 


2 found to be transverse defects 
re inal, horizont extending to surface, 4 related to 
aminations other defects 


Surface blisters 3 found to be internal, 2 — other 
defects 


Gile-diteene 2 blisters, 4 longitudinal, horizon- 
tal laminations 
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thereby releasing a beam of light on to the film at 
the instant when a kilometre sign appears opposite 
an operator sitting at a carriage window. Afterwards, 
the same method is used for recording the number of 
the given kilometre sign in Morse code. Graduation 
of the rail sections within each kilometre recorded 
is obtained automatically from the records of rail- 
gap impulses provided by the same vibrators which 
register the e.m.f. induced in the search coils. In 
addition, apart from rail joints, a record is obtained 
of other features affecting the e.m.f., such as cros- 
sing, bridges, shorter rail sections and metallic 
track-construction elements. All these facilitate the 
search for defective rails. 

The total number of impulses on oscillograms 
obtained during inspection of rails showing an 
average wear amounts as a rule to a few thousand 
per 100 km of track. Experience has shown that, in 
oscillographic recording of the e.m.f., more that 99 
per cent of the impulses, which are not due to dange- 
rous rail defects, can be eliminated from examination 
through inspection of the oscillograms alone. In ad- 
dition, such recording makes it possible to form an 
approximate view of the characteristic features of 
the recorded curves. As an example, the Table 
presents the conclusions on the nature of defects, 
based on the results obtained with a flaw-detector 
carriage and compares them with the results of 
visual examination with a supplementary rail invest- 
igation by the fracture method. It must be noted that 
the Table does not cover the relatively rare internal 
transverse cracks located at a considerable depth. 

It will be seen from the Table that, in a majority 
of cases, the indications of the flaw-detector car- 
riage regarding the type of defects are correct, which 
must be attributed to the specific features of the 
impulses induced by defects. No such conclusion is 
possible with respect to deep internal transverse 
cracks, because these defects, as was shown in the 
paper [3], give rise to impulses which are similar in 
shape to the impulses generated by harmless dents 
on the side face of the rail head. Segregation of 
such flaw-detector evidence into that corresponding 
to dangerous and harmless defects can only be 
achieved by visual examination of the given sections 
and elimination of the impulses produced by visible 
dents in the rail head. 

The data obtained on the defective rails are pass- 
ed on to the appropriate quarters in the form of a 
written report, as well as over the telephone and by 
telegram. The report includes the kilometre, right- 
or left-hand side rail, number of section within the 
kilometre, type of defect and its approximate posi- 
tion along the rail; in doubtful cases, a recommenda- 


tion is made for inspection or an additional check 
of a given section. 


COMPARATIVE ANALYSIS OF THE FLAW 
DETECTOR 


The flaw detector described here differs from the 
flaw-detector carriages used earlier for inspection 
of track rails in the Urals and Siberia in that its 
travel speed is higher and in the quality of perform- 
ance. In particular, the use of the new flaw detect- 
or reduces to a minimum the need for direct inspect- 
ion or supplementary investigations of rails; there 
has been a substantial reduction in the number of 
false warning resulting in classification of sound 
rails as defective; it has been found possible to 
detect rail-head defects at the fish-plates or in 
their close vicinity, etc. 

Experience has shown that the flaw detector is 
more effective in tracing faults in the current rails 
of the heavy type than in the old rails of the light 
type. The ability to detect a flaw depends much on 
the size of the flaw and its location in the rail. It 
should be added that all defects which can be 
detected with the mark DS-13 flaw-detector bogie [10] 
are also traced with the flaw-detector carriage, but 
at an earlier stage of development. 

The flaw-detector carriage is capable of detect- 
ing faults which are located entirely in the parts of 
the rail head projecting outside the web. We may 
note that detection of such faults with the present 
ultrasonic flaw detectors [11, 12] designed for rail 
inspection at high travel velocities or some other 
types [13] is impossible, because these detectors 
employ sounding of the rail within the limits of a 
prism formed by the rail height and web width. 

The sensitivity of the flaw detector towards 
faults located entirely in the projecting parts of the 
rail head is quite high. Thus, the most common form 
of cracks in heavy rails, namely transverse cracks 
developing in the upper part of the side surface of 
the rail head, can be traced with the flaw-detector 
carriage when as little as 5 per cent of the cross- 
sectional area is affected by the fault. In this case, 
however, there is an excess of e.m.f. impulses in 
the searching system, which are not due to danger- 
ous defects of rails, making the analysis of the 
corresponding oscillograms difficult. To overcome 
this, it is usual in practice to take into account 
only those e.m.f. impulses which indicate that not 
less than 30 per cent of the rail head is affected. It 
may be added that the same restriction is adopted in 
inspection of heavy-type rails with the low-speed 
mark MRD-52 flaw detector [14]. Generally speaking, 
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exposure of transverse cracks with the flaw-detect- 
or carriage is most effective when between 30 and 
75 per cent of the head is affected by the defect. 

The sensitivity of the flaw detector to longitudi- 
nal, horizontal cracks is also adequately high. Thus, 
for example, cases of detection of such cracks, 
located at a depth of 10-18 mm, have been frequent- 
ly noted. However, the sensitivity of the flaw detec- 
tor to internal, horizontal cracks located at a con- 
siderable depth and more or less symmetrically with 
respect to the vertical axis of the rail is essential- 
ly small. 

Because of the use of a relatively strong magnet- 
izing field, the flaw-detector carriage permits de- 
tection of defects in the zone of transition from the 
surface hardened layer, to be found at the rail ends, 


to normal metal. The use of the mark WRD-52 flaw- 
detector on these zones is impossible because of 

excessive interference brought about by structural 
heterogeneity which shows up very strongly in the 
relatively weak field employed in this detector. 

In conclusion it must be stated that high-speed 
flaw detectors are already used for inspection of 
track rails. Together with other rail-inspection 
equipment, these detectors assist in promoting safe- 
ty of travel in rail transport. 

We take this opportunity of expressing our thanks 
to Senior Scientific Officer N.M. Rodigin for his 
critical comments. 


Translated internally 
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ON THE SIGNS OF A SECOND ORDER PHASE TRANSFORMATION IN THE ALLOY Fe,Al * 
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The ordering and disordering processes in an Fe-Al alloy (containing 24.4 at. per cent Al) have 


been studied 


(a) by the quenching method, from the change in lattice constant and the density of the super- 


lattice lines, and 


(6) by the dilatometric method, during continuous heating and cooling. It is shown that there are 
no jumps in the volume changes in the alloy in the phase transformation temperature range. 


On the basis of experiments on Cu-Au and Co- 
Pt alloys, and an analysis of numerous published 
experimental data, Rhines and Newkirk [1] raised 
the question of whether the order-disorder trans- 
formation in alloys is a classic phase transforma- 
tion, proceeding according to the Gibbs phase rule, 
or a phase transformation of a second order. In 
their view, the results of work carried out on alloys 
under equilibrium conditions lead to the conclusion 
that the order-disorder transformation is an ordinary 
phase transformation (i.e. of the first order). Care- 
ful experiments on Cu,Au and CuAu quite convinc- 


ingly indicate the existence of two-phase regions 
[of and sudden changes in the electrical resistivi- 


ty of the alloy in the transformation temperature 
range [1]. However, the extension of the conclus- 
ions of Rhines and Newkirk to all ordering solid 
solutions does not appear justified to us. 

The order-disorder transformation is associated 
with a change in symmetry, the symmetry of the 
disordered alloy being higher than that of the 
ordered. According to Landau’s thermodynamic 
theory of phase transformations [3], for certain 
changes in symmetry, second-order phase trans- 
formations are possible. With such transitions there 
is no evolution or absorption of latent heat, on ac- 
count of the fact that the disposition of the atoms 
varies continuously and gives no jumps. Corres- 
pondingly, in the case of a second-order transform- 
ation, the specific volume must also vary continu- 
ously up to the transition temperature, whereas in 
the case of a first-order phase transformation (or 
ordinary phase transformation), there must be a 
sudden jump in specific volume. At the transition 
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point, in a second-order phase transformation, the 
specific heat, the coefficient of thermal expansion 
and other derivatives of the thermodynamic functions 
undergo a sudden jump. 

Lifshits [3] considered the limitations in symme- 
try changes, in accordance with the thermodynamic 
theory of second-order transitions, as applied to 
superstructure formation in substitutional solid 
solutions, and set down the possible types of 
second-order phase transformation. Such a trans- 
formation is possible, in particular, in the alloy 
Fe,Al. In contrast to the body-centred cubic lattice 
of the disordered structure, the ordered structure in 
this case has a face-centred cubic lattice compris- 
ing eight unit cells. Ordering produces a consider- 
able change in the size of the unit cell in Fe-Al 
alloys. Bradley and Jay [4], in a study of the order- 
ing process as a function of the aluminium content 
of the alloy, showed that the difference in lattice 
constant between the disordered and the ordered 
alloys reaches a maximum of 0.0040 kX, in the alloy 
containing 25 at. per cent Al. The change of lattice 
constant during superstructure formation depends on 
the degree of order attained, and can give valuable 
information on the course of the ordering process. 

The present investigation of volume effects as- 
sociated with the ordering process in the alloy 
Fe,Al was undertaken in order to obtain experiment- 
al confirmation of the thermodynamic theory, relative 
to the possibility of second-order phase transforma- 
tions occurring in this alloy. 


EXPERIMENTAL TECHNIQUE 
The experimental material taken was an alloy 


close to Fe,Al in composition. The alloy, which 
was melted in a high-vacuum induction furnace and 
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FIG. 1. Vacuum device for quenching powders: 
1 — quartz tray; 
2 — quartz tube; 
3 — nichrome wire suspension; 
4 — permalloy arch; 
5 — arch holder; 
6 — glass quenching bath; 
7 — thermocouple leads; 
8 — upper sleeve; 
9 — vacuum pump connexion; 
10 — furnace head; 
11 — cooling sleeve for head and tube; 
12 — porcelain thermocouple tube; 
13 — furnace; 
14 — Pt/Pt-Rh thermocouple junction; 
15 — cooling sleeve for tube and quenching bath; 
16 — upper head sleeve; 
17 — connexion to vacuum measuring tubes; 
18 — upper tube sleeve; 
19 — lower tube sleeve; 
20 — quenching bath sleeve. 


cast into 2.5 kg ingots, had the following composi- 
tion in weight percent; Al 13.2 per cent, Mn 0.07 
per cent, C 0.025 per cent, Fe remainder. 

The ingots were forged to 8 mm diameter rods at 
a temperature of 1000°C, and the rods were anneal- 
ed at 1100°C in hydrogen for 3 hr. 

For the dilatometric experiments, specimens 3mm 
in diameter and 50 mm long were turned from the 
rods, and for the X-ray analysis, powder was pre- 
pared. After preparation by filing, the powder was 
ground in a jasper mortar and screened through a 
sieve, so that the particle size did not exceed 5 x 
mm. 

The dilatometric curves were obtained on a 
Chevenard differential dilatometer, with optical 


recording, the magnification on the temperature 
axis being K, = 144.4 and that on the length axis 
K, = 303.8. The dilatometer was designed so that 
experiments could be continued up to a temperature 
of 1000°C. 

The X-rays were taken by the Preston method, in 
a 172 mm diameter camera, using radiation from a 
cobalt anticathode. The lattice constant was comput- 
ed from the position of the (013) Kg doublet. With 
these camera dimensions, a change of 0.1 mm in the 
diameter of the (013) Kg, ring corresponded to a 
change of 0.0001 kX in the lattice constant. Taking 
an accuracy of film measurement of + 0.2 mm, it can 
be seen that the lattice constant could be determin- 
ed to an accuracy of not less than + 0.0002 kX, or 
about 0.007 per cent. 

The sensitivity of the dilatometric method is 
higher; however, bearing in mind the error in mea- 
suring the recorded dilatometric curves and in the 
dilatometer mechanism, it can be taken that the ac- 
curacy of the dilatometric method is little better 
than that of the X-ray determinations. 

To compare the density of the superlattice lines, 
after exposure in the Preston camera some of the 
specimens were examined in the URS-50] ionization 
equipment, using the radiation from an iron anti- 
cathode. With a goniometer speed of 1°/min and a 
potentiometer paper speed of 400 mm/hr, it was pos- 
sible to obtain excellent traces of the (111), and 
(200), lines of the ordered Fe,Al structure. However, 
at high quenching temperatures, the density of the 
(200), line was too small and the (111), line was 
therefore chosen for estimating the line density. The 
density of this line was compared with that of the 
adjacent (220)g line of the basic lattice. 

The preliminary heat treatment of the dilatometric 
specimens was carried out in an ordinary furnace, in 
an air atmosphere. The powders for X -ray examina- 
tion were heat treated in a vacuum quenching furn- 
ace, the design of which is shown in Fig. 1. The 
powder was placed on asmall quartz tray, which was 
suspended inside the quartz tube 2, on a Nichrome 
wire 3 fixed to a Permalloy arch 4. After carrying out 
a heat treatment to the required conditions, the arch 
4 was drawn from the holder 5 by means of a magnet 
and the quartz tray and powder allowed to fall into 
the quenching bath 6. The quenching medium used 
was type D-2 oil for high vacuum diffusion pumps, 
which has a low vapour pressure. On heating to 
850°C in a vacuum of 5 x 10“ mm Hg, the iron- 
aluminium alloy underwent no sintering. At the ins- 
tant when tray 1 entered the quenching medium, a 
suspension of alloy powder in the oil was formed, as 
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TABLE 1, Lattice constant and relative intensity of superlattice lines for various 
temperatures. 


Heat treatment conditions 


700°C. — 1 hr + 800°— 20 min 
700°C — 1 hr + 750° —1 hr 
700°C — 1 hr 

700°C — 1 hr + 690°— 1 hr 
700°C — 1 hr + 680°— 1 br 
700°C — 1 hr + 660°—1 hr 
700°C — 1 hr + 630°— 1 hr 
700°C — 1 hr + 600°—1 hr 
700°C — 1 hr + 580°—1 hr 
700°C — 1 hr + 550°—1 hr 
700°C — 1 hr + 540°—1 hr 
700°C — 1 hr + 525°—1 hr 
700°C — 1 hr + 550°—1 hr + 500°-— 2 br 


700°C — 1 hr + 550°~— 1 hr + 500° — 2 hr + 475°—2 hr 
2 hr + 


700°C — 1 hr + 550°— 1 hr + 500°—2 hr + 475° — 
+ 450° —2 hr 


700°C — 1 hr + 550°— 1 hr + 500°—2 hr + 475°—2 hr + 


+ 450° —2 hr + 400° —2 hr 


700°C — 1 hr + 550° — 1 hr + 500° — 2 hr + 475°—2 hr + 


+ 450° — 2 hr + 400° — 2 hr + 300°— 2 hr 


700°C — 1 hr + 550°—1 hr + 500° —2 hr + 475°—2 hr + 
+ 450° — 2 hr + 400° — 2 hr + 300°—2 hr + 250°-—2 hr. 


TABLE 2. Variation in lattice constant of the alloy during accelerated cooling. 


Lattice 


Heat treatment conditions conmtunt 


750°C — 2 hr, cool to 410°— 10 min, quench 

750°C — 2 hr, cool to 410°— 10 min, hold 1 hr, quench 
750°C — 2 hr, cool to 410°— 10 min, hold 4 hr, quench 
750°C — 2 hr, cool to 410°— 10 min, hold 7,5 hr, quench 
750°C — 2 hr, cool to 350°— 15 min, quench 

750°C — 2 hr, cool to 350°— 15 min, hold 1 hr, quench 
750°C — 2 hr, cool to 350°— 15 min, hold 2,5 hr, quench 
750°C — 2 hr, cool to 350°— 15 min, hold 3 hr, quench 


a result of which the cooling was quite rapid and 
uniform. The quenched powder was separated from 
the oil, washed, dried and taken for \-ray examin- 
ation. 


RESULTS OF X-RAY EXAMINATIONS 


The powders prepared for X-ray examination 
were heat treated (Table 1). In all cases the powder 
was heated to 700°C and then, after holding at this 
temperature for | hr, which was adequate to elimin- 
ate the effects of cold work due to machining, the 


powder was heated or cooled to the temperature 
level from which it was to be quenched. 

lhe speed of attaining the equilibrium value of 
lattice constant for the alloy can be seen from the 
data given in Table 2. After annealing to eliminate 
cold work, the powder was cooled in the switched- 
off furnace. To speed up the cooling, the furnace 
and quartz tube were blown with a fan. When cooled 
to 410°C at a mean rate of 34°/min, the lattice 
constant is reduced by 0.0038 kX, and on holding 
for an hour by a further 0.009 kX; further extensions 
of the holding time to the practical limit give no 
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FIG. 2. Contraction and expansion effects in specimens during the ordering and 
disordering of FeAl alloy: 
a — curve of lattice constant against quenching temperature; 
b — dilatometer curves on a quenched specimen during heating and cooling; 
c — curves of the coefficients of expansion of a quenched specimen and the 
standard, during heating; 
1 — for the specimen; 2 — for the standard. 


further change. On rapid cooling to a still lower increasing the temperature, the rate of change of 
temperature, the transformation takes place more lattice constant is lower, the curve rising gently 
slowly, so that to obtain the equilibrium value of and passing smoothly to the temperature range 
lattice constant at 380°C a holding time of about 750- 800°C, in which the lattice constant remains 
2.5 hr is required. invariant. The change in lattice constant between 
On cooling under the stepwise conditions indicat- 550 and 800°C is 0.0015 kX. 
ed in Table 1, the equilibrium value of lattice cons- The powder was not heated to above 800°C for 
tant was attained during the first few minutes of quenching, because of the risk of aluminium eva- 
holding. porating from the alloy in the vacuum conditions. 
The results of lattice constant determinations When specimens quenched from temperatures 
after slow cooling under stepwise conditions are below 550°C were examined in the URS-50] ioniza- 
shown in Table 1 and Fig. 2a. On the curve expres- tion equipment, F'e,Al ordered structure lines were 
sing the relationship between lattice period and observed, the density of which increased with 
quenching temperature, two stages can be seen. In decreasing quenching temperature after cooling 
the range between 540 and 250°C, the curve follows under stepwise conditions (see Table 1). On quench- 
a steady course. The maximum change in lattice ing from 550°C, the ordered structure lines disap- 
constant in this range of temperature is 0.0042 kX. peared. Thus, alongside the reduction in specific 
Between 550 and 540°C, at the temperature 7’, ;> volume of the specimen during stepwise cooling 
the curve exhibits a sharp inflexion. On further from the temperature 7, ,, long-range order is set 
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up in the alloy, to an extent increasing with de- 
creasing temperature. To estimate the change in 
line density, records were taken in the ionization 
equipment of the lines (111)g, (200)q and (220)g of 
the ordered Fe,Al lattice. 

Table 1 shows the values of 


,/2(220) 


corresponding to various quenching temperatures. 
The values are also given of the parameter. 


/ { 


M111) q /(280) 5} Tm 300" 


which is proportional to the degree of long-range 
order, for the temperatures 7, = 540, 525, 500, 475, 
400 and 300°C (see Table 1) 


RESULTS OF THE DILATOMETRIC 
INVESTIGATION 


On the basis of the eek examination, the 
changes to be described below in the specific 


volume of the specimen, as found by dilatometry, 
are associated with processes of ordering and dis- 
ordering. Dilatometric investigations were carried 
out on two series of specimens. The first series 
were all heat treated under the same conditions, 
namely: heat to 750°C, hold for 2 hr, heat to 850°C, 
hold for 30 min, quench in water. This series was 
examined in the dilatometer by heating to 1000°C at 
a mean rate of 300°C /hr, followed by cooling in the 
switched-off dilatometer furnace. The dilatometric 
heating and cooling curves obtained under these 
conditions and shown in Fig. 2b, are typical of the 
first series of specimens. Fig. 2c shows the temp- 
erature variation of the coefficients of linear ex- 
pansion Ggpec, and Ggtand, of the alloy specimen 
and standard respectively. The values of agyec, 
were computed from the formula 


spec. stand. Ky dx 


"spec. 


where Gg yartz = 0.54 x 10~ is the coefficient of 
quartz and dy/dx the value of the derivative at the 
selected point of the dilatometric curve. 

In the differential dilatometer method, the ordin- 


ates of the curve correspond to the differences in 
expansion between the specimen and the standard, 
so that on considering dilatometric curves of this 
type, the expansion curve for the test specimen is 
conveniently compared with that of the standard. 

On heating from room temperature to 7,, the dila- 
tometric curve deviates a little from the horizontal 
axis, i.€. Ggpec, somewhat exceeds At 
the expansion characteristics of the specimen com- 
mence to change markedly — it expands less than 
the standard — due to the reduction of specific 
volume caused by the ordering of the alloy. In the 
narrow temperature interval 7,, the standard con- 
tinues to expand, but expansion of the specimen 
cases (4,,¢,, = 0), due to the fact that its thermal 
expansion is completely neutralized by the reduct- 
ion in length due to ordering. 

On further raising the temperature, the rate of the 
ordering process continues to increase. In the tem- 
perature interval T,—7;, the specimen does not 
expand, but actually contracts (@spec. has a nega- 
tive value). 

On raising the temperature above 7, (at 7, 
Aspec, = 0), because of the increasing thermal vi- 
brations of the atoms, a tendency towards disorder- 
ing is set up in the alloy. In other words, at 7, 
the specimen ceases to contract by virtue of the 
fact that contraction due to ordering is completely 
neutralized by thermal expansion. 

Thus, the reduction in specific volume of the 
specimen, associated with the ordering of the 
quenched material during heating, takes place in the 
temperature range 7, — 7’. 

On raising the temperature still further from 7, 
to T,, the tendency towards disordering is intensi- 
fied and the alloy consequently commences to ex- 
pand. At 7, the tangent to the dilatometer curve is 
parallel to the temperature axis, i.e. the expansion 
of the specimen equals that of the standard. 

Raising the temperature from 7, to Tx,,., is ac- 
companied by expansion of the specimen, at a more 
rapid rate than that of the standard, due to the ac- 
celerating disordering of the alloy. The disappear- 
ance of long-range order is accompanied by the 
formation of an inflexion in the dilatometer curve at 
TKn.,. This corresponds to a pronounced maximum 
in the coefficient of expansion curve (see Fig. 2c). 
On heating above 7x,,, the specimen continues to 
expand slightly up to 7,, after which expansion 
again becomes more rapid. A check thermomagnetic 
test showed that the inflexion on the curve in the 


T., range is associated with the loss of ferromag- 
netism on heating. Above 7, in the region of 


ni 
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FIG. 3. Dilatometer curves obtained after prior heat treatment comprising heating 
above TKn,1, slow stepwise cooling and final quenching from: 


a — 700°C; 
b — 550°C; 
c — 500°C; 
ef d — 450°C; 
e — 400°C; 
f — 350°C; 
g — 300°C; 


TKn.2, there is a gradual change in the curvature 
of the dilatometer curve. This corresponds to a 
second, less pronounced maximum on the coeffi- 
cient of expansion curve (see Fig. 2c), at 7xy.3. 
The dilatometric cooling curve is somewhat dif- 
ferent from the heating curve. On cooling the spe- 
cimen from the final heating temperature to 7x,., 
the alloy contracts gradually, with an inflexion 
between 7Ko,, and 7. There is a slight hysteresis 
associated with the point 7K ,.,. The formation of 
long-range order is accompanied by the kink in the 
dilatometer curve at 7x,,,. The hysteresis of 
Tx .1 is very slight. On reducing the temperature 
below 75,1, the alloy contracts monotonically, in 
conjunction with the process of ordering during 
cooling, a process which terminates at Tyo. The 
linear section of the curve from 7Juo to room temp- 
erature corresponds to the normal thermal contract- 


ion of the ordered alloy. The range of temperatures 
from Tx to Ty, is the range over which long- 
range order is set up during cooling. It will be 
noted that the dilatometric investigation showed no 
signs of a sudden change in the volume of the spe- 


cimen near the point 7K 9.:. 
The connexion between the observed contraction 


and expansion effects and the order-disorder change 
in the alloy is confirmed by the investigation of 
the second series of specimens, the heat treatment 


h — 250°C. 


of which, terminating in heating to above 7Ky.1, 
slow cooling under stepwise conditions, and 
quenching, made it possible to obtain a varying 
degree of long-range order, increasing with de- 
creasing quenching temperature. 

The specimens in the second series were heated 
to 700°C, and after holding one hour at this temper- 
ature were cooled so that each specimen prior to 
quenching was held for 2 hr at each of the tempera- 
ture steps preceding its quenching temperature. The 
specimens were quenched in water from the temper- 
atures 700, 550, 500, 450, 400, 350, 300 and 250°C. 

The second series specimens were heated in the 
dilatometer furnace at a rate of 200°C/hr. The cool- 
ing was stepwise, with one hour holding at 700, 
550, 500, 450, 400, 350 and 250°C. The cooling rate 
between the stages did not exceed 5°C/min. 

During the isothermal holding periods it was 
established that the light spot from the dilatometer 
beam remained in the same position on the photo- 
graphic film, within the limits of experimental 
error. This shows that the change in volume of 
the specimen, associated with ordering of the alloy 
under the described cooling conditions, takes place 
rapidly, and equilibrium is attained right at the 
start of the isothermal hold. 

Fig. 3 shows the dilatometer curves obtained in 
investigating the second series specimens. The 
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FIG. 4. Coefficients of expansion for the alloy, 

calculated from the dilatometer heating curves 

in Fig. 3, for the temperatures of 250, 275 and 
300°C. 


curves for specimens quenched from temperatures 
above the Kurnakov point (Fig. 3a) are no different 
from those given in Fig. 2c. On the dilatometer 
heating curves for the other specimens, in which 
prior heat treatment had produced a certain degree 
of long-range order, increasing with decreasing 
quenching temperature, the characteristic minimum 
associated with ordering of the alloy up to 7, and 
with subsequent disordering at higher temperatures, 
is gradually smoothed out as the degree of long- 
range order in the initial condition is increased. 
This is also characterized by a change in the coef- 
ficients of expansion, calculated from the heating 
curves, at three temperatures, namely 250, 275 and 
300°C (Fig. 4). Whereas the a of specimens quenched 
from temperatures above 7,,,, is small, and at 
275°C even shows a negative value due to the mark- 
ed reduction in volume of the specimen as it orders, 
the a value increases with decreasing quenching 
temperature (7 less than 7,,,) and in the temper- 
ature range 400-250°C, the coefficients of expans- 
ions at all three selected temperatures are closely 
similar. 

The temperature 7, at which ordering commences 
in the alloy varies little under these circumstances. 
In the specimen cooled under stepwise conditions to 
250°C, the dilatometer curve, which is given in Fig. 
3h, shows no minimum on the heating curve, and 
this curve is little different in shape from the cool- 
ing curve. 

The cooling curves are identical in shape, within 
the limits of experimental error. The expansion dur- 
ing disordering of the alloy as it is heated to Tx, ,, 


and the contraction during ordering as it is cooled 
to Tx,,, are in ever, case of a monotonic nature. 


DISCUSSION OF EXPERIMENTAL RESULTS 


From a consideration of the experimental data on 
the volume changes in the alloy during heating and 
cooling (see Figs. 2, 3 and 4), the following temp- 
erature values can be laid down as characteristic 
of the order-disorder process in the alloy Fe,Al: 

T, = 180°C; the onset of non-linear expansion of 
the alloy on heating and the drop in coefficient of 
expansion; 

T, = 260°C; the onset of marked volume reduction 
on heating and the change of sign of the coefficient 
of expansion from positive to negative; 

Trn = 270°C; the onset of disordering in the alloy 
on heating. 

T, = 280°C; the end of marked volume reduction 
in the alloy on heating and the change of sign of 


the coefficient of expansion from negative to posi- VOL 
tive; 7 
T, = 370°C; expansion of the specimen equal to 195 


that of the standard; 

Tk y.1 = 545°C; inflexion on the dilatometer 
heating curve, the position of which depends on the 
cooling rate, appearance of long-range order; 

T. = 610-615°C; disappearance or appearance of 
ferromagnetism on heating or cooling; 

Tko.1 = inflexion on the dilatometer cooling curve, 
the position of which depends on the cooling rate, 
appearance of long-range order; 

Tyo = 300°C; onset of linear contraction of the 
alloy on cooling. 

Thus, the ordering of the alloy during the heating 
of a quenched specimen commences at quite a low 
temperature (7°, = 180°C), but occurs over a relative- 
ly narrow temperature range (180-270°C), whereas 
disordering during heating takes place over a wider 
temperature range (270-545°C). Ordering of the alloy 
during cooling also takes place over a wide temper- 
ature range (545-300°C). 

Heating the specimen to above 7,,, leads to the 
disappearance of long-range order, in the sense of 
an Fe,Al superlattice, but increase of volume con- 
tinues (Fig. 2). According to the data obtained by 
Bradley and Jay [4], on an alloy containing more 
than 25 at. per cent Al, there must take place in 
this case a transition to an atom arrangement cor- 
responding to the FeAl superlattice. This arrange- 
ment is also probable in alloys containing less Al. 
Thus, above 7x,,, there must be present long-range 
order in the sence of the FeAl superlattice, with a 
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low degree of ordering which will however decrease 
with increasing temperature. In fact, this process 
also will be accompanied by some increase in the 
volume of the specimen. The final loss of long- 
range order, in the sense of the FeAl superlattice, 
and the transition to a state in which the Al atoms 
are distributed at random throughout the basic body- 
centred cubic solid solution lattice, must be accom- 
panied by the formation of an inflexion on the curves 
of lattice constant against temperature. This in- 
flexion is actually observed experimentally at 

Tk n.2 = 690°C (see Fig. 2b), and is also accom- 
panied by a second maximum on the curve of coef- 
ficient of expansion against temperature (see Fig. 


2c). 


he measured values of lattice constant in the 
range between 550 and 250°C were used to deter- 
mine the values of the relative contraction 6 a/\a 
caused by the ordering of the alloy. In this expres- 
sion, \a was the total change in lattice constant 
on cooling accompanied by ordering, over the range 
from 550 to 250°C, whilst 5a was the change in 
lattice constant on cooling over a given number of 
temperature stages followed by quenching. Fig. 5 
shows the relationship thus calculated for relative 
contraction against absolute temperature. The 
horizontal axis shows the ratio between the abso- 
lute quenching temperature and the absolute temp- 
erature 7K,,,. For comparison, Fig. 5 shows the 
variation of relative contraction for the alloy Cu,Au, 
from the experimental data of Betteridge’s paper 
[5], following an analogous method of quenching. 

From Fig. 5 it can be seen that the volume 
changes in the alloys Fe,Al and Cu,Au during cool- 
ing are substantially different. Whereas in the 
Cu,Au alloy there is a sudden jump in the volume 
curve on passing through the Kurnakov point, which 
is one of the signs of a first-order phase transform- 
ation, the volume change in the Fe,Al alloy is of a 
gradual nature. 

Fig. 5 also shows the variation in the value of 
S, which is proportional to the degree of long-range 
order. The divergence of the curves of 5a/\a and 
S for Fe,Al may be due to the fact that in this alloy, 
as in Cu,Au, according to the data of Owen and 
MacArthur [6], the volume change is associated with 
the initial stages of ordering and, as shown above, 
takes place in a short space of time, whereas the 
change in intensity of the superlattice lines asso- 
ciated with the growth of antiphase domains occurs 
over a considerable period. Elucidation of the con- 
nexion between the change in lattice constant and 
the intensity of the superlattice lines requires a 
special investigation into the ordering kinetics in 
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FIG. 5. Relative contraction due to the ordering 
process, calculated from the change in lattice 
constant, for the alloys Fe,;Al and Cu,Au, and 
variation in the intensity of the superlattice 
lines, for FeAl: 

1 — da/\a for FeAl; 

2 — S for Fe;Al; 

3 — 6a/Aa for Cu;Au. 


Fe, Al alloy. 

It will be noted that, according to the results of 
Keating and Warren [7], the degree of long-range 
order in Cu;Au,determined radiographically by the 
quenching method, exhibits a sudden jump at the 
transformation point. X-ray measurements at ele- 
vated temperatures, carried out by Owen and Liu 
[8], also indicated the existence of a sudden change 
in lattice constant at the transformation point. 

This result can also be supported by comparing 
the results obtained by Bennett [9], in measurements 
of the variation of electrical resistivity with tem- 
perature in the alloy Fe,;Al with those of Rhines 
and Newkirk (1) for Cu,;Au, which indicate a com- 
pletely different type of variation in electrical re- 
sistivity for the two alloys. In the Fe,Al alloy the 
electrical resistivity changes gradually, whereas 
in the Cu;Au alloy, the electrical resistivity changes 
suddenly on passing through the transformation 
point. 

Finally, Sykes and Evans [10], in experiments 
carried out by thermal analysis methods using 
differential cooling curves, were unable to observe 
the evolution of latent heat. The measurements of 
specific heat showed that below the temperature 
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550-540°C, the specific heat increases on cooling, 
passing through a maximum, but on lowering the 
temperature still further the specific heat decreases 
so gradually that it is difficult to pinpoint the tem- 
perature at which the ordering process terminates 
during cooling. In these experiments the cooling 
rate was about 1°C/min, which in the Fe,Al alloy, 
as shown above, is adequate to reach equilibrium 
conditions. Consequently, the results of Sykes’ and 
Evans’ investigation must be taken into account. 

Thus, the combined experimental data on the 
nature of the ordering process in the alloy Fe,Al is 
not in favour of a classic phase transformation, but 
indicates that in this case there are the typical 
evidences of a second-order phase transformation, 
in accordance with the thermodynamic theory of 
second order phase transitions. 

The author expresses his thanks to I.L. Aptekar, 
for his comments on the results of this work. 


CONCLUSIONS 


1. During slow cooling from the Kurnakov point, 


the lattice constant and the dimensions of the 
dilatometer specimens change gradually. 

2. On the basis of data on the contraction and 
expansion of specimens studied by the dilatometric 
method, the temperature ranges for the ordering and 
disordering processes in Fe,Al alloy are laid down. 

3. After the elimination of long-range order in the 
alloy Fe,Al during heating, its lattice constant 
continues to increase, which is explained by the 
existence and gradual elimination of long-range 
order in the sense of FeAl. 

4. The experimental data on the absence of a 
sudden volume change during the ordering (or 
disordering) of the alloy Fe,Al, in conjunction with 
other published data, confirm that the ordering 
process in the alloy Fe,Al is a second order 
phase transformation, the possible occurrence of 
which in this alloy was predicted on the basis of 
the thermodynamic theory of phase transformations. 


Translated by E. Bishop 
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THE EFFECT OF HEATING RATE ON THE TRANSFORMATION OF 
STEEL DURING TEMPERING * 
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(Received 3 December 1957) 


The widespread use of electric tempering in industry has brought into prominence the problem 
of the present investigation, which is to study the transformation of steel under conditions of rapid 
heating for tempering. 

The various data available in the literature do not give too complete a picture of the mechanism 
and kinetics of the process or of the effect of heating rate on transformation. The effect of heating 
rate on transformation during tempering has only been studied by Soviet workers, and the problem 
is not clarified in foreign literature. 

The kinetics of the breakdown of martensite during rapid electric heating was studied by V.N. 
Gridnev [1], using a dilatometric method of investigation. He used a specially constructed wire 
dilatometer with optical recording. The investigation was carried out on quenched specimens of 
steels U 10 and St. 35, which were heated at rates between 20 and 400°C/sec. According to the 
results of this investigation, all the dilatometer curves show two inflexions, corresponding to the 
first and third transformations. The second (austenite) transformation is not observed, and Gridnev 
considers that it is suppressed by the rapid heating. 

As regards the relationship between the temperature ranges of the first and second (sic) trans- 
formations and the heating rate, Gridnev points out that for both steels the ranges for these trans- 
formations are displaced towards higher temperatures, this displacement reaching a maximum at a 
heating rate of about 40°C/sec. On increasing the heating rate still further, according to Gridnev’s 
data, the transformation temperature remains practically unaltered. 

Other investigators have in the main been attempting to observe a reversible martensite trans- 
formation in steel. 

Lerinman and Sadovskii [2] tried to obtain the “diffusionless” transformation of martensite to 
austenite, by heating quenched tool steels, of grades KH12M and KHG, at a rate of 1300°C/sec. 
The saturation magnetization was measured before and after electric heating. However, it appeared 
to be impossible to eliminate the diffusion processes of breackdown even on raising the heating rate 
to 4000°C/sec, so that in the authors’ view the reverse, diffusionless, alpha-gamma transformation 
does not take place. 

From a study of the rapid heating of quenched carbon steels, Sazonov and Sadovskii [3] also 
concluded that in these steels it is impossible, with any practically attainable heating rates, to 
prevent the martensite from breaking down with the precipitation of cementite. 

In a discussion of the problem of transformations in iron-carbon alloys during heating by an 
electric current, Gridnev [al pointed out that when quenched specimens of steel U 10 are heated, 
the critical point is lowered below its equilibrium position, this occurring at very high heating 
rates (3000°C/sec), and that it must be considered as evidence of the occurrence of the “reverse” 
transformation of martensite to austenite. However, this conclusion is contradicted by the existence 
of a volume effect in the region of the third transformation(Gridney calls this the “carbide” trans- 
formation), which appeared on the dilatometer curves he obtained, even at heating rates of the order 


of 5000°C/sec. 


The aim of the present investigation was to volumetric instrument) and X-ray analysis, micro- 
clarify the picture of the structural transformations hardness determinations, microstructural examina- 
which take place during tempering under rapid tion using optical and electron microscopes, and 
heating conditions. the anisometric determination of retained austenite 

To study the transformations a complex experi- contents. 
mental technique was used, comprising dilatometry The investigation was carried out on high-carbon 

‘(in an ordinary optical dilatometer and a special steel U 12 and constructional steel 45. For in- 
creased accuracy, the specimens were made from 
* Fiz. metal. metalloved., 7, No. 4, 544-550, 1959. bright-drawn wire 3 mm dia. The specimen length 
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FIG. 1. Dilatometric tempering curves for St. 45 and FIG. 2. Dilatometric tempering curves for steel U 12, 
U 12 specimens, obtained in the optical differential obtained in the volumetric high-frequency dilatometer 
dilatometer: at rates of: 
1 — St. 45, heating rates 1200 — 200°/hr; 1—900; 2— 750; 3—490; 4-— 320; 5— 107; 
2 — steel U 12 40°/min (1200°/hr); 6 — 0.1°/sec 
3 — 300 and 400°/hr; (the latter obtained in the optical differential 


4 — 100 and 200°/hr. dilatometer). 


tC 


FIG. 3. Dilatometric tempering curves for St. 45 specimens, 
obtained in the volumetric high-frequency dilatometer at 
heating rates of: 
1—~ 600; 2—400; 3—70; 4—0.1°/sec 
(the latter obtained in the optical differential dilatometer). 


was 100 mm. In order completely to dissolve the 830 + 10°C. 

carbides and obtain the maximum effect during the In the investigation, a study was made of the 
structural transformations on tempering, the steel effect of heating rate on transformation in the steel, 
U 12 specimens were quenched from 1100°C in with heating rates between 2.7 x 10°? and 

water. The St. 45 specimens were quenched from 9x 10? deg/sec. At relatively low heating rates, from 
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FIG. 4. Effect of tempering temperature on carbon content of the 
martensite in stee] U 12 at various heating rates. 


2.7 x 107 to 3.2 x 10°? deg/sec (100-1200 deg/hr), 
the transformation was studied on an optical dila- 
tometer, whilst at high heating rates (0.7 x 10? to 
9 x 10? deg/sec), use was made of the volumetric 
high-frequency dilatometer designed by Panov [5]. 
In the latter case, the specimens were heated by 
electric current rectified by means of a bank of 
selenium rectifiers. The various heating rates were 
obtained by varying the current strength, using tap- 
pings on the transformer windings. The temperature 
was measured by means of a nichrome-constantan 
thermocouple, with a junction thickness of 0.1 mm. 

The two wires were brazed to the specimen at a 
distance apart of 0.5-1 mm, in a plane perpendicular 
to the specimen axis. The temperature and dilato- 
meter curves were recorded on a type MPO-2 vibra- 
tion oscillograph. To determine the heating time on 
the oscillograph film, a record was also made of 
the mains frequency (50 c/s) a.c. sine curve. 

The curves obtained on the film were deciphered 
as follows. Before starting an experiment the rela- 
tionship was determined between specimen elonga- 
tion (mm) and ordinate of the oscillographic dilato- 
meter curve (mm), for the chosen distance between 
the plates of the capacitance gauge. The method of 
combined recording of the temperature and dilato- 
meter curves made it possible to determine the tem- 
perature corresponding to a given elongation and 
thus to construct the relationship “specimen elon- 
gation Al — heating temperature”, i.e. the ordinary 
dilatometer curve. However, the dilatometer curves 
thus obtained were not those required, since thermal 
expansion of the specimen accompanied the contrac- 
tion of the specimen due to transformation of the 
quenched martensite (the structure of maximum 
volume) to tempered products of smaller volume. 


The curves of interest to us were obtained by sub- 
tracting from the overall curves characterizing the 
volume changes of the quenched steel on heating, 
the curves of change in volume for annealed steel 
on heating to the same temperature. 

The dilatometric study of transformation on tem- 
pering in a furnace was carried out on an ordinary 
differential dilatometer at heating rates between 
100 and 1200°/hr. The specimens were made to a 
length of 50 mm and a diameter of 3 mm. The stand- 
ard was a specimen of the same grade of steel. For 
comparison with the dilatometer curves obtained on 
tempering at high heating rates on the volume dila- 
tometer (gauge length of specimen 75 mm), the 
curves obtained on the optical differential dilato- 
meter were converted to a specimen length of 75 mm. 
The dilatometer curves for tempering at heating 
rates of 100 to 1200°/hr are shown in Fig. 1 (the 
continuous curves refer to specimens of steel U 12, 
the dotted curve to specimens of St. 45; since in 
St. 45 the change of the heating rate from 100 to 1200°/hr 
had no effect on the shape of the dilatometer 
curve, the dotted curve in Fig. 1 characterizes the 
transformation in St. 45 for the entire range of heat- 
ing rates referred to). 

The dilatometer curves for electric tempering on 
specimens of St. 45 and U 12 (heating rates between 
70 and 900°/sec) are shown in Figs. 2 and 3. 
Against each group of curves obtained in electrical 
tempering there is set the tempering curve for the 
same steel, obtained in the optical differential 
dilatometer at a heating rate of about 0.1°/sec 
(400°/hr). 

For a more complete characterization of the trans- 
formation, an X-ray analysis was carried out, by 
means of which determinations were made of the 
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FIG. 5. Retained austenite content of steel U 12 asa 
function of tempering temperature, for various heating 
rates. 


carbon content of the solid solution and the amount 
of residual austenite after various tempering treat- 
ments on steel U 12 specimens. 

Specimens were tempered at 100, 150, 200, 250, 
300, 350, 400, 450, 500, 550 and 600°C, at heating 


rates of 1, 5, 10, 150 and 750°/sec. The specimens 
for X-ray analysis were also heated by rectified 
current. The electric heating rig was so designed 
that immediately the current was switched off the 
jaws of the clamping device opened, so that the 
specimen would fall into a water bath to fix the 
structure obtained during the rapid heating. The 
heating rate in each particular case was first check- 
ed by recording a heating curve on the oscillograph. 
For comparison, similar specimens were tempered 
at the same temperatures by heating for 1.5 hr in a 
furnace (heating rate 0.5°/sec + holding for about 
1.5 hr at the tempering temperature.) 

The X-rays were taken in FeK radiation. From 
the change in the distance between the (211)-(112) 
doublet, the change in the degree of tetragonality 
of the martensite was determined, and the carbon 
content of the alpha solid solution was also deter- 
mined. The effect of tempering temperature on the 
carbon content of the martensite at various heating 
rates is shown in Fig. 4. 

The retained austenite content was determined by 
the method of visually comparing the intensities of 
homologous pairs (the Nechvolodov method). The 
results of the visual analysis were made more 
precise by determining the retained austenite con- 
tent on an anisometer. The relationship between 
retained austenite content and tempering tempera- 
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FIG. 6. Microhardness of steel U 12 as a 
function of tempering temperature for 
various heating rates. 


ture for various heating rates is plotted in Fig. 5. 

Alongside the X-ray analysis, microhardness 
measurements and microstructural examinations 
were carried out on specimens of steel U 12, treat- 
ed under the same conditions. The microhardness 
measurements were made on a PMT-3 instrument, at 
a load of 200 g. On each specimen, twenty readings 
were taken, and the mean value of microhardness 
evaluated. The relationship between mean micro- 
hardness and tempering temperature for various 
heating rates is plotted in Fig. 6. 

Comparison of the optical microstructures of 
steel U 12 specimens after tempering at the same 
temperatures but with different heating rates, shows 
differences only at the tempering temperature of 
600°C (Fig. 7, a and d). 

A study of the structure shown under the electron 
microscope revealed differences between specimens 
tempered at the same temperature but a different 
rates, for lower tempering temperatures. The micro- 
structure of quenched specimens of steel U 12, 
obtained under the electron microscope (Fig. 8) 
consists of two solid solutions, martensite and 
retained austenite, without carbide precipitates. The 
electron microstructures of tempered specimens are 
shown in Figs. 9 and 10. In all cases the electron 
microstructures were taken from a titanium replica 
at a magnification of 12,000 X. 

Analysis of the results obtained leads to the fol- 
lowing conclusions regarding the effect on steel of 
the heating rate for tempering. 

1. With increasing heating rate for tempering the 
primary transformation is partially suppressed, as 
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FIG. 7. Microstructure of steel U 12 quenched from 1100°C: 
a — tempered to 600°C at a heating rate of 750°/sec; 
b — tempered at 600°C, holding time 1.5 hr; x 500 


FIG. 8. Electron microstructure of steel U 12. Quenched from 
1100°C, untempered; x 12,000. 


FIG. 9. Electron microstructure of steel U 12. Quenched from 
1100°C, tempered at 200°C. 


evidenced by the retention of more carbon in solid 
solution and by the reduced dilatometric effect due 
to transformation. However, the temperature range 
of the primary transformation is only markedly dis- 
placed when a rate of about 500°/sec is exceeded. 
Judging by the dilatometer curves and taking as 
the start of transformation the onset of marked re- 
duction in volume (length) of the specimen, the 
start of primary transformation at low heating rates 


(0.1°/sec and less), under normal furnace heating 
conditions, is about 80°C, which is in full agree- 
ment with available data on this point. 

Incteasing the heating rate to 107°/sec and even 
to 490°/sec has practically no effect on the temper- 
ature at which primary transformation starts. In all 
cases, in the range of heating rates between 0.05 
and 500°/sec (i.e. over a range of five orders), the 
primary transformation as found by dilatometry takes 
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FIG. 10. Electron microstructure of steel U 12. Quenched from 
1100°C, tempered at 350°C; 
a — heating rate 750°/sec; 
b — heating rate 150°/sec; 


c — heating rate 0.5°/sec + 1.5 hr holding time; 


x 12,000. 


place in the temperature 80-250°C. However, in- 
creasing the heating rate beyond 490°/sec leads to 

a rise in the temperature at which primary transform- 
ation starts, as determined dilatometrically. At a 
heating rate of 750°/sec, the primary transformation 
starts in the range 330- 350°C, and at a heating rate 
of 900°/sec in the range 430- 450°C. 

The results of the X-ray analysis, to find the 
dissolved carbon content after heating at various 
rates to various tempering temperatures, also agree 
with the results of dilatometric analysis. 

When the heating rate is in the range 0.5-150°/sec, 
tempering even to 100°C already produces some 
reduction in the degree of tetragonality of the mar- 
tensite, owing to carbon coming out of solution, 
whereas on heating at a rate of 750°/sec the whole 
of the carbon is retained in solution up to 200°C, 
and the martensite commences to breakdown above 
200°C (X-ray analysis indicates a lower tempera- 
ture for the start of transformation than does dila- 
tometric analysis). 

Whilst the temperature for the start of primary 
transformation is independent of heating rate (in 
the range from 0.05 to 500°/sec), the extent to which 
the martensite breaks down does vary with heating 


rate in this range. Even at low heating rates (from 
100 to 1200°/hr), the optical dilatometer already 
reveals a smaller degree of contraction in the spe- 
cimen as a result of the primary transformation. On 
further increasing the heating rate the dilatometer 
curves lie increasingly higher, i.e. they indicate 

a reduction in the degree of breakdown with in- 
creasing heating rate. 

The X-ray analysis confirms the results of 
dilatometric analysis; with increasing heating rate 
the martensite loses carbon to a decreasing extent. 

2. The electron microstructures also indicate less 
carbide precipitation and a smaller carbide particle 
size as the heating rate for tempering is increased. 

Thus, for example, in both the quenched steel 
and the steel tempered to 200°C at heating rates of 
750°/sec, the electron microstructures indicate the 
absence of second phase precipitates, whereas 
furnace heating up to 200°C produces a marked pre- 
cipitation of fine particles of the second phase, 
although not over the entire microsection. Appar- 
ently the areas in which no breakdown has occur- 
red are retained austenite. 

On tempering to 350°C with rapid heating (750°/sec), 


martensite breakdown can be seen, with fine 
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TABLE 1. Relationship between carbon content in the steel] and heating rate 


Carbon content of martensite (%) at 


Heating tempering temperatures (°C) of 


rate 


(°/sec) 100 


200 


0.5 
1 
10 
150 
750 


0,8 
0.85 


Note: dashes inuicate that there is no doublet, i.e. 
the carbon content of the martensite is less 


than 0.6-0.7%. 


precipitated carbide particles; there are still 
certain areas of retained austenite and odd mar- 
tensite grains in which breakdown has not commenc- 
ed. At lower heating rates (150°/sec and furnace 
tempering), breakdown has occurred throughout, and 
the size of the precipitate particles increases with 
decreasing heating rate. It can be noted in passing 
that with high heating rates the characteristic aci- 
cularity of the martensite, which can be seen when 
the microstructure is examined under the optical 
microscope, is retained to higher temperatures. 

3. The secondary transformation, i.e. the break- 
down of the retained austenite, occurs at all the 
heating rates investigated, although the positive 
dilatometric effect (expansion) which is character- 
istic of this transformation is only observed at 
rates up to 100°/sec. 

At the lowest heating rates (100°/hr and furnace 
heating), the secondary transformation, observed as 
an expansion on the dilatometer curves, occurs in 
the range 230- 280°C. Increasing the heating rate 
leads to a slight raising of the secondary trans- 
formation range. 

At a heating rate of 1200°/hr, the secondary trans- 
formation, observed as a slight expansion in the 
dilatometer, occurs at 240-330°C. Further increases 
in the heating rate reduce the secondary transform- 
ation effect, but already there is no expansion in 
the specimen, by virtue of the fact that this trans- 
formation now takes place more slowly (its temper- 
ature range is widened). 

At heating rates of 107-490°/sec, the secondary 
transformation range can be found as lying between 
250 and 350°C. At higher heating rates, the second- 
ary transformation was not observed in the dilato- 
meter, but supplementary anisometric measurements 
of the amount of retained austenite in the specimens 
after heating at various rates to various tempera- 
tures, show that retained austenite breakdown takes 


place at all heating rates, including 750°/sec. 

It is possible that at the higher heating rates 
the residual austenite breakdown occurs during 
cooling from the tempering temperature. This problem 
requires further study. 

It should however be emphasized that, whatever 
the heating rate, a suitable tempering temperature 
can bring about complete transformation of the re- 
tained austenite. 

On heating to 200°C at relatively low heating 
rates (0.5-10°/sec), the amount of retained austen- 


ite — transformation decreases with in- 
creasing heating rate. At higher rates (150°/sec and 


in particular 750°/sec) the temperature at which the 
retained austenite is induced to break down is dis- 
placed towards a higher temperature range. 

As was stated above, the dilatometric tempering 
curves obtained at high heating rates (75-900°/sec) 
up to 300-400°C show no signs of volume changes 
which would denote transformation. It might be sup- 
posed that curves of this type correspond to the 
complete suppression of both primary and secondary 
transformation under these conditions. However, the 
X-ray investigation indicates that at 300-400°C 
there occur both a slight reduction in the degree of 
tetragonality and a reduction in the amount of re- 
tained austenite. The absence of volume changes 
on the curves under discussion can apparently be 
explained by the complete absence of transformation 
during heating to 200°C and by the subsequent simul- 
taneous progress of primary and secondary transform- 
tions, which at any instant compensate each other 
as regards volume effects; at 300°C and a heating 
rate of 750°/sec, and again at 400°C and a heating 
rate of 900°/sec, primary transformation predomin- 
ates and produces a volume reduction in the speci- 
men. 


Translated by Bishop 
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INVESTIGATION OF THE COAGULATION PROCESS OF CARBIDES IN CARBON STEELS* 
V.I. PSAREV 
Dnepropetrovsk State University 
(Received 2 July 1957, after revision — 14 April 1958) 


When selecting a procedure of thermal treatment of various steels in determining the composition 
of various iron-carbon alloys, the effect of carbide coagulation during long heating of the metal should 
be taken into consideration. In some cases an attempt is made to reduce this effect to a minimum either 
by diminishing the content of carbon in steels (heat-resistant steels, some tool steels) or by alloying 
with elements which would strengthen the resistance of carbides to coagulation (high-speed steels). 

In other cases, however, the presence of large amounts of carbides in the form of globules is desir- 
able because the wearing qualities of the material are then raised. 

The coagulation of dispersed phases plays an important part in the process of tempering harden- 
ed and ageing steels. The coagulation of the carbide phase in heated steels substantially affects their 
mechanical properties. For this reason an explanation of the process in question would render it pos- 
sible to knowingly control the process, hence the mechanical properties of alloys (strength, hardness, 


tear resistance and others). 


Despite the practical importance of the process, comparatively little consideration has so far 
been given to the study of the laws which govern it. This work is aimed at filling in this gap to some 
extent by explaining some general laws intrinsic to the process. 


DEPENDENCE OF AVERAGE SIZE OF CARBIDE 
GRAINS ON THE DURATION OF 
ISOTHERMAL HEATING 


Since a binary system in which one phase is dis- 
tributed in the form of dispersed particles over the 
whole of the bulk must possess an increased free 
energy, under suitable conditions a transition of 
the system into a more stable state (with decrease 
of free energy) should be observed. In this case the 
transition of the system from non-equilibrium to the 
equilibrium state takes place by a coagulation of 
fine-dispersed grains, with the average size of 
grains continuously growing. 

Based on the most general assumptions that the 
variation of the linear rate of grain growth is a 
function of the rate, which is small in this process, 
the following relation was deduced [1,2] between 
the average radius of the growing grains and the 
duration of isothermal heating: 


(1) 


where r is the average size of grains at the time 
t; ro the initial average size of grains at t=0; vo 


* Fiz, metal. metalloved., 7, No. 4, 551-558, 1959. 


the initial linear rate of grain growth and a the 
coagulation constant in isothermal heating. 

Experimental checking of relationship (1) proved 
that it describes the process of grain growth satis- 
factorily, beginning from a certain moment of time 
t’ of the isothermal heating (Fig. 1) when the con- 
dition [1] 


where a is the angular coefficient, is satisfied 
with sufficient accuracy. 

For a tempering temperature of various steels 
[2-5] in the range 500-600°C the time t’ is equal to 
3-4 hr, and for 700°C it decreases to 2-1.5 hr. 
Above the critical point A, this time is practically 
equal to zero. 

With regard to the above stated an attempt can be 
be made to define the relationship (1) more accurat- 
ely by solving the same problem to the second 
approximation. 

By taking into consideration the second term of 
the expansion of the function of the linear rate of 
grain growth variation in power series we have 


= av + $v? =f (v). 


73 
VOL. 
1959 | 
v 


Carbides in carbon steels 


Here a and f are the coefficients of the expansion 


of function f (v) in series, constant for 7 = constant 


but varying with temperature and other factors. We 
shall call them coagulation parameters. 

From equation (2) and considering that v= dr/dt, 
the average size of grains as a function of time of 
isothermal heating can be found 


infil + exp ( at)|} 


The relation obtained turns into (1) under the 
condition 


#29 [1 — exp(—at)] <1 


and satisfies both the initial and final conditions 


fo ¢=0 


where rm, is the final size of grains. 
From the last expression, v = f (r) can be found 
in the form 


(5) 


For the values of r,, r, v and a given, the equa- 
tion (5) has two roots: = 0 and the second 


Vay: 10° cm/hr 
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FIG. 2. Size of carbides as a function of the rate of 
their growth in the process of isothermal heating at 
630°C for steels containing carbon: 
1-—0.4%; 2—0.7%C. 


The root 8 < 0 is eliminated because the condi- 
tion 


a 


is only possible for negative values of v. 

Thus, the relation (5) can describe the coagula- 
tion process for positive values of parameter A. If 
the value of 8 is near zero the expression (1) is 
obtained. 

Starting from the time ¢’ (Fig. 1), when the condi- 
tion av > B v’ holds, the second term in expansion 
(2) may be neglected independently of the order of 
magnitude of 8. From this instant the process of 
grain size changing with time may be described 
with sufficient accuracy by relation (1). 

The calculation of 8 values for the case of coa- 
gulation of carbide grains in steels was given for 
temperature both above the critical point A, [1, 3- 
5] and below it [2, 4-6]. 

It was found that the value of 8 for the coagula- 
tion above critical point A, is 10°-10? cm™ (de- 
creases with temperature to 10°? cm~). From this it 


follows that in expansion (2) the quantity av exceeds 


the value of the second term § v? by one or two or- 
ders of magnitude for higher temperatures from the 
very beginning of the coagulation process of 
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FIG. 3. Possible variation of Tins with temperature 
1 — corresponds to an increase of C’ with 
temperature; 
2 — corresponds to a constant value of C’%; 
3 — corresponds to a decrease of C’ with 
temperature. 


carbides in steels (v ~ 10°? cm/sec). The second 
term of (2), therefore, may be neglected and relation 
(1) used for calculating the time variation of aver- 
age size of grains. For the coagulation of carbide 
grains below the critical point A, the value of 8 


should be higher, hence the unsatisfactory repre- 
sentation of the coagulation process by formula (1) 
in its initial period. The calculation of the quantity 
in question from experimental data [2, 5, 7] confirms 
the assumption made. The variation of the cementite 
grain growth at 630°C is shown in Fig. 2. Both 
curves in Fig. 2 are constructed from formula (5), 
the points plotted corresponding to experimental 
data. Curve | is plotted for 8 = 1.75 x 10° cm=* and 
curve 2 for 8 = 2 x 10° cm=*. The remaining quant- 
ities correspond to experimental data. 

Thus, by taking into consideration the second 
term of expansion (1) of the function of linear rate 
of growth, the coagulation process of carbides in 
the initial stages of steel tempering can be describ- 
ed with sufficient accuracy. 


DETERMINATION OF COAGULATION 
PARAMETERS 


In different fine-dispersive systems (differently 
alloyed, e.g. steels) the process of grain coagula- 
tion proceeds not only at different rates but with 
different variation of rate with time. Owing to this 
in one system the process of grain growth should 
die out to a greater extent than in another. 

A different change of linear growth of grain will 
he fannd even in heating two different steels of the 
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FIG. 4. Final size of carbide grains as a function of 
temperature in isothermal] heating: 
1 — chromium steel [1]. C’ = 6.68 x 10™ deg; 
ro = 3.75 x 10% cm; 
2 — manganese steel [1]. C’= 7.5 x 10% deg”, 
ro = 5.1 x 10% cm. 


same dispersion of carbides (same average size) 
and the same linear coagulation of grains at a 
given instant. 

For this reason, by changing somehow the coagu- 
lation parameter a (e.g. by alloying steels with 
different elements), one may obtain not only a 
change of carbide phase dispersion and a change 
in speed of the grain growth, but also a different 
degree of damping out of the coagulation process of 
the carbides. Consequently, in principle, e.g. by the 
adequate selection of alloying elements in the pro- 
cess of thermal treatment one may obtain stability 
of garbide phase structure even in high-carbon 
steels. Moreover, from known values of coagulation 
parameters and linear speed of growth v, the final 
size of coagulation grains of steel r,, can be de- 
termined. 

It was shown experimentally [1] that the final 
sizes of carbide grains in steel increase with rise 
of coagulation temperature and their size at a cons- 
tant temperature is different for different steels. 

The latter led to the conclusion [1] that the final 
dimensions of growing grains depend on the con- 
centration of substance at the phase boundary. We 
shall show this and at the same time investigate 
the final radius of grains as a function of tempera- 
ture. 

The relationship r,, = f (c, T) (where c is the 
concentration 7 the temperature) can be obtained 
from the known Thomson (Kelvin) formula by apply- 
ing it for the initial and final sizes of the growing 
grains and then eliminating the equilibrium con- 
centration at the plane interface c... 
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TABLE 1. Values of the final radius of grains 


Steel (1,7% C) [1] 


Steel U12 A {2| 


Wraught iron [3] 


ie 


rm 10%,em .108,cm -108,cm 


31.0 735 
32.5 745 
34.2 755 
37.3 765 
48,1 
54.2 
65.0 


7. 
9. 


C’=7,7 -10 deg 
re=6.5 - 1073 cm 


C’=8,6 - 1074 deg” 
ry=3.4 1075 cm 


- 1074 deg 
ro=l.4 1074 cm 


We obtain 


Cmin = | 


where 


(o the specific surface energy at the phase bound- 
ary; M the molecular weight of dispersed phase; 
R the gas constant). 

From formula (6) we shall find the value of the 
final size of grains 


To In Co 
a Cmin 


Expression (7) defines the final size of growing 
grains as a function of coagulation temperature. Let 
us analyse this. 


for T +0 Tm >To: for T 00. 


These conditions will be satisfied irrespective 
of the fact whether C’ is a function of temperature 
or remains constant with change of temperature. 

From the physical point of view, it is interesting: 
firstly, to explain the behaviour of C’ with change 
of temperature; secondly, to determine the temper- 


ature at which the final size of growing grains 
becomes infinite. One may suppose that at this 
temperature a complete solution of dispersed phase 
takes place, the temperature coinciding with the 
temperature of phase transformation (dimensions of 
C’ — deg"). 

It is impossible at present to determine the 
quantity C’ entered in relation (7) and evidently a 
function of temperature. Analysis of the quantities 
defining C’ only indicates that its variation with 
temperature is monotonic. 

We have obtained different changes of the final 
size of growing grains depending on the behaviour 
of C’ with change of temperature (Fig. 3). 

Calculations based on experimental data [1, 2-4] 
indicate, firstly, that this quantity changes insigni- 
ficantly with rise of temperature and secondly, that 
the temperature satisfying the condition 1/C’= T’ 
practically coincides with the temperature of phase 
transformation. These calculations were based on 
the experimental data [1-3] referring to the coagula- 
tion of carbides in carbon and alloyed steels and to 
the coagulation of graphite grains in wrought iron 
[4]. 

In Table 1 the values of the final radius of grains 
Tm are given as determined from the formula fay: 


Oo 


and the values of the same quantity r,, determined 
from expression (7). 

In Fig. 4 calculated curves of the function for 
alloy steels are given [1]. 

Now considering that with a sufficient degree of 
accuracy C’= 1/7’ (7’’— the temperature of phase 
transformation in the Kelvin scale), the dependence 
of the coagulation parameter on temperature can be 
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FIG. 6. Coagulation parameter a as a function of 
temperature: 

1 — carbon steel [1]. Q = 32,000 cal/ g atom, 
T = 1300°K, k= 0.115 cm/sec. 

2 — chromium steel [1]. Q = 39,000 cal/ g atom, 
T’ = 1470°K, k = 0.16 cm/sec; 

3 — manganese steel.[ 1] Q = 33,000 cal/g atom, 
T’= 1330°K, & = 0.044 cm/sec. 


TABLE 2. Values of coagulation parameters 


T (°C) exp, 1C%, sec Gcalc- 108, sec™ 


(D — the diffusion coefficient; p, the density of the 

consolidating phase; dc/dx, the concentration 

gradient; the minus sign refers to the gradient) 
Now we substitute the values of 


obtained. 
It must be mentioned that the case considered 


here is when, as a result of complete solution of 
the fine-dispersed phase, the two-phase is trans- 
formed into a single-phase (die) system. For this Q 
reason the circumstances stated will not take place rar vand D = De RT 
in the carbide coagulation in steels below the critic- 
al point A, because the points of phase equilibrium 
are related to the conversion of ferrite into austen- 
ite. Q 
The coagulation parameter is connected with the = 2 RT (- —1), 
final radius by the relationship. 


We obtain 


(8) 


Dy de , 


p dx’ 


D de T’, the temperature of complete solution of the 
carbide phase. 
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760 220 1.94 
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Analysis of the expression obtained indicates 
that coagulation parameter a increases with temper- 
ature (Fig. 5) reaches a maximum at 
T° 

R 


Q 


and then falls to zero when the coagulation temper- 
ature tends to that of full diffusion of the dispersed 
phase (7. 

The relation (8) can be checked by experimental 
data if the value of the activation heat of coagula- 
tion process and coefficient & are known. 

In Fig. 6 the results of calculations from formula 
(8) are given. The data for these calculations are 
taken from paper [8]. 

Similar calculations of coagulation parameters 
were carried out for a large group of carbon steels 
and in every case a fully satisfactory coincidence 
was found between the calculated and experimental 
data up to the maximum of curve a= f (7). 

In the temperature range 7, — T’ (see Fig. 5) the 
agreement changes for the worse, the calculated 
values of the parameters exceed the experimental 
ones. 

In Table 2 both the values of coagulation para- 


meters a for different temperatures (steel U 10A) 
are given. 

Calculations of coagulation parameters § is more 
complicated because in this case it is necessary 


to know the form of the function v = f(r). Then, by 
differentiating equation (5) with respect to r, we 
obtain: 


(9) 


The simplest way is to find the value of dv/dr 
graphically from the linear rate of grain growth — 
size of grain curve. 

Such an experimental curve is shown in Fig, 2. 
Incidentally it follows from the curve that in the point 


r=Tm the parameter 
(zr) 
dr 


Thus, as a result of calculations an approximate 
relationship between coagulation parameters and 
temperature was successfully established which is 
confirmed by experimental data referring to the coa- 
gulation of carbide grains in steels above the critic- 
al point A,. 

In conclusion we note that some aspects of this 
work require additional experimental confirmation 
and more precise substantiation. 


Translated by B. Cynk 
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ON RELATIONS BETWEEN CERTAIN THERMAL CHARACTERISTICS OF SOLIDS* 
V.S. NESHPOR 


Institute of Metal Ceramics and Special Alloys, Academy of Sciences, Ukr.S.S.R. 


Thermal characteristics of solids (melting point, 
Debye characteristic temperature, cocfficient of 
linear thermal expansion, coefficient of thermal con- 
ductivity, etc.) are of great importance for estimat- 
ing the strength qualities of solids at high tempera- 
tures(1]. For this reason it is of practical import- 
ance to establish quantitative relationships between 
these characteristics. 

Frenkel [2] showed that a relation exists between 
Young’s modulus for metals and their coefficient of 
linear expansion described by the formula: 

k 


E=—. 


Roe (1) 


Here E is Young’s modulus (in kg/mm?); Ro the 
equilibrium interatomic distance; a the coefficient 
of linear expansion (deg); & the Boltzmann cons- 
tant. This formula provides the correct order of 
magnitude, but an empirical proportionality factor 
must be introduced for obtaining quantitative rela- 
tions [3]. 

It seems to be more correct to consider the inter- 
action as between elementary cells containing one 
atom of a chemical element or one molecule of a 
chemical compound — instead of the interaction 
between individual atoms. In this case the relation- 
ship between Young’s modulus and the coefficient 
of linear thermal expansion should take the form of 


E = 42.6ZCy 


Va Ma (2) 


Here EF is Young’s modulus (kg/cm?.10-*); Z the 
number of molecules of chemical compound or the 
number of atoms of element in ihe elementary cell; 
C the molar or atomic specific heat of the sub- 
stance (cal/deg. mole or cal/deg.g- atom); V the 
molecular or atomic volume (cm’); M the molecular 
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or atomic weight (g); y the density of the substance 
(g/cm); a the coefficient of linear thermal expans- 
ion. The numerical factor takes into account the 
dimensions. 

By using the relationship between the Debye 
characteristic temperature of a solid and its Young’s 
modulus, as established by Koster [4] and specified 
by Frantsevich [5] 


168-108 VE’ 


b= M'/3 (3) 


(E expressed in kg/cm?.10°°) and substituting here 
the value of E from formula (2), we have 


§ = 10.97 = 10,97 (4) 


or 


cis 


roportional to ~ 
(5) 


In Fig. 1 


cus 


as a function of log ais shown for cubic metals 
and carbides of metallic characteristics [6]. 

Experimental points plotted from the data of 
papers [5, 7] (characteristic temperatures of metals 
and carbides), paper [8] (coefficients of linear ex- 
pansion of metals) and paper [2] (coefficients of 
expansion of carbides) are distributed slightly 
below the theoretical straight line and concentrate 
with appreciable scatter along the straight line 2 
expressed in logarithmic co-ordinates by the equa- 
tion 
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1 
FIG. 1. 6/C% y 6M" as a function of in logarithmic 
co-ordinates: 
e — metals; 
m — carbides determined from general curve Cp = f (T) 
according to formula (7); 
© ~— carbides determined from elasticity moduli (5); 
— carbides determined radiographically [10]. 
1 — corresponds to equation (4); 
2 — experimental values. 


The latter can be adopted as a semi-empirical 
equation for estimating 6 from experimental values 
of the coefficient of expansion which can be deter- 
mined experimentally much more easily than 0. 

The Debye characteristic temperature is related 
to the melting point of a substance by the Lindemann 
equation 


T Ta 


where 7’, is the melting point in the absolute 
scale. 

In Fig. 2 the relation between 0/y % M “sand T, 
is shown in logarithmic co-ordinates. The straight 
line 1 corresponds to equation (7). The experiment- 
al points plotted on the basis of papers [2, 5, 7, 8] 
are distributed along the curve 2 of small curvature. 
Thus, the Lindemann equation does not represent 
the correct relation between 6 and 7, and only ex- 
presses the fact that substances with close values 
of molecular weights and densities having higher 
melting points have also higher characteristic 
temperatures. 

In order to establish a relation between the 


Glog Ts 


5, 
FIG. 2. 0/y 4M* as a function of T, in logarithmic 
co-ordinates. 


Markings the same as in Fig. 1. 


1 — corresponds to equation (7); 
2 — experimental values. VOL 


characteristic temperature and melting point we 
shall use equation (4) and the relation between the 
coefficient of thermal expansion and the melting 
point. Gruneisen established an inverse ratio of 
these characteristics in the form of an empirical 
formula: 


(8) 


Lemeray suggested this relation in a slightly 
different form: 


2-107? 
Ts (9) 


a, = 


where 7’, is the melting point in the absolute scale; 
a, the volume coefficient and q; the linear coeffi- 
cient of thermal expansion. 

On the grounds of analysis of experimental data 
referring to melting points and coefficients of linear 
expansion of cubic metals, Straumanis concluded 
that the relation between a; and 7, is more compli- 
cated and is expressed by the power equation 


(10) 
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FIG. 3. @ as a function of Ts: 
e — metals with cubic lattice; 
3 — metals with hexagonal close-packed lattice; 
A-— carbides; 
o — borides of intermediate metals; 
+ — borides of rare-earth metals; 
x — alkali-haloid compounds. 


It can be shown, however, that the relation 
between 0 and 1/7’; or 1/74 is not linear but re- 
presented by a curve with its convexity facing the 
temperature - axis; formulae (8), (9) and (10), there- 
fore do not provide the correct relations. In Fig. 3 and for alkali halides by the equation 
coefficients of linear expansion of metals with 
cubic and hexagonal close-packed lattices, metal- 
like compounds (carbides, nitrides and borides of - 10° 
transition metals) and alkali halides are shown as Th ad 
functions of the absolute temperature of melting. It 
is evident that all substances with metallic charac- 
ter of interatomic bonds are well fitted on a single Expressions (11) and (12) are much closer to the 
relation 


(12) 


curve. 
A similar relation is also revealed by alkali 


halides, but their coefficients of linear expansion 

are displaced towards higher values owing to the 

stronger effect of repulsive forces in ionic crystals. 

Metals having less symmetrical lattices do not obey 

this relation. In Fig. 4 the logarithmic relation than to 

between the coefficient of linear expansion and the P 
absolute temperature of melting is shown. The a) = wtp 
straight line 7 refers to metals and metal-like com- 

pounds, the line 2 to alkali halides. From Fig. 4 it 

follows that the relation between the coefficient of suggested by Straumanis. Evidently the exponent of 
linear expansion and melting point for substances T, in the denominators of equations (11) and (12) 


of metallic character of bonding can be described being slightly higher than unity is the result of 
neglecting non-harmonic terms of higher than second 


by the equation 
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FIG. 4. @ as a function of Ts in logarithmic 

co-ordinates. Markings the same as in Fig. 3: 

1 — corresponds to metals and metallic type of 
compounds; 

2 — corresponds to alkali-halides. 


order in the expression for the force of interatomic 
interaction 


f + Pa® + 


By substituting in formula (4) the expression (11) 
for the coefficient of linear expansion we obtain a 
relationship between the characteristic temperature 
and melting point for metals and chemical com- 
pounds of metallic type of bonding 


41.08 7.0.58 V 
’ 


where C is the specific heat of the substance 
(cal/g. deg) or 


(14) 


41.087, 0.58 crit? 
M MV /s 


where C is the molecular specific heat of the 


FIG. 5. 0/C 2y 4M~% as a function of T, in logarithmic 
co-ordinates. Markings the same as in Fig. 1: 
1 — corresponds to equation (13); 


2 — experimental values. 


substance (cal/mole.deg or cal/g atom.deg). 

In Fig. 5 0/C%y %M-% as a function of 7, accord- 
ing to equation (13) is shown in logarithmic co- 
ordinates. Experimental points are distributed along 
the straight line 2 which differs slightly from the 
theoretical line ] defined by equation (13). 

The distribution of experimental points in Fig. 5 
leads to the following semi-empirical relation 
between the characteristic temperature and melting 
point. 


12.457,°7? V 


(15) 


where C is the specific heat of the substances 
(cal/g.deg). 
Equation (13) satisfies experimental data much 
better than the Lindemann equation (7). 
Assuming the dependence of the coefficient of 
linear expansion on temperature in the form 


const 
Ts 


and substituting this expression in formula (4) 
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we obtain the expression evidently caused by negligence of the real heat 
content of the substance. 


CT. 
8 = const V ae” (16) 


which differs from Lindemann’s equation by the 
specific heat present in the numerator of the 
radical, within the accuracy of numerical factor. 
Adopting further the Frenkel formula (1) for 
Young’s modulus as a function of a we obtain 


instead of (16): 


Ts 
Mv"e 


that is,the Lindemann formula within the accuracy 
of a numerical factor. 

Thus, the unsatisfactory relation between the 
characteristic temperature and melting point is 
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A comparison is made of the results of calculation of the diffusion parameters Q and A, determined 
by the Dushman-Langmuir equation from the same experimental data for volume and boundary self- dif- 
fusion and diffusion in silver and iron, and the values of Q and A calculated by the equation 


D= Ae~@ RT, 


It is shown that the calculated values of A are only comparable in the case of volume diffusion and 
not in the case of boundary diffusion. Extrapolation of the temperature dependence of Q, obtained in 
calculations by the Dushman-Langmuir equation, gives at 300°K values of Q which agree with the 
values of the activation energy calculated by the usual equation for the case of volume diffusion, but 
do not agree with those for the case of boundary diffusion. 


It is known that the rate of boundary diffusion in 
metals is much higher than the rate of diffusion 
through the grains. The higher rate of boundary 
diffusion is ascribed to the greater ease with which 
atomic packing breaks up at the grain boundaries. 
In terms of the vacancy mechanism, accelerated 
diffusion along the boundaries is associated with 
greater concentration of vacancies along the grain 
boundaries. It has been shown by Gertsriken [1] the 
activation energy in the case of boundary diffusion, 
Q,, is less than that in volume diffusion, Q,, by 
the value of the work of vacancy formation. This 
indicates an excess of vacancies along the bound- 
aries. The ratio V,/Q, for a number of metals has 
been found to equal 0.6- 0.7. 

Special attention to boundary diffusion was given 
in investigations concerned with the measurement of 
the coefficients of diffusion in metals and alloys 
after phase transformations [2-5]. Phase transform- 
ations of the martensitic type or the a> y trans- 
ition in iron produce large numbers of new inter- 
faces in the austenite grains, which strongly in- 
fluences the values of the coefficients of diffusion. 
The coefficients of diffusion in such materials are 
found to be higher because penetration of a large 
part of the diffusion current into the material is 
accelerated along the grain boundaries. Annealing 
at very high temperatures removes the effect of a 
prior phase transformation. For this reason, the 
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latter affects the coefficients of diffusion measured 
at relatively low temperatures, but hardly influences 
the values determined after high-temperature anneal- 
ing. It was shown in the paper [2] that annealing at 
temperatures above 1000°C removes the effect of a 
prior martensitic transformation on the value of the 
coefficient of self-diffusion of iron in an iron-nickel 
alloy. In the paper [3] data are given on the effect 
of the a+ y transition in iron on the coefficients of 
diffusion. It is shown that this transformation results 
in a substantial acceleration of diffusion during 
annealing below 1100°C. 

Several papers [6-8] describe methods of calcula- 
tion permitting the evaluation of the coefficients of 
boundary diffusion. In a majority of papers, the 
ratio of the values of the coefficients of boundary 
and volume diffusions for different materials is 
given as being of the order of 10°- 105. 

In some papers, the values of such coefficients 
are treated as relating to boundary or volume diffus- 
ion, without evaluation of the coefficient of bound- 
ary diffusion and without adequate experimental 
substantiation. This does not preclude the influ- 
ence of the subjective factor in deciding whether 
the diffusion taking place is of the volume, bound- 
ary or mixed type, especially as in all cases the 
diffusion parameters are calculated by the same 
equation: 


D= Ae@RT, (1) 


It appears reasonable to calculate the diffusion 
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FIG. la. Examples of calculation of activation energy 
for volume self-diffusion of silver according to data 
from investigation [10]. 


parameters Q and A from experimental data, using 
equations provided for the case of pure volume dif- 
fusion. A comparison of the results of such a cal- 
culation with the values of Q and A obtained from 
the equation (1) will permit an assessment of the 
role of volume and boundary diffusions. These cal- 
culations and comparisons are made in the present 
investigation. The calculations are based on the 
experimental data on the values of the coefficients 
of self-diffusion in silver and iron, as well as the 
coefficients of diffusion in iron, obtained in the 
investigations (3, 8-11]. 

In the calculations, the Dushman-Langmuir equa- 
tion [12] 


Dea Qe RT 
Nh (2) 


was used, where 6 — the interatomic distance, 
N — the Avogadro number, h — the Planck constant, 
Q — the energy of diffusion activation, R — the gas 
constant and J — absolute temperature. 

The equation (2) was selected because of the 
good agreement between the calculated results and 
the experimental data on self-diffusion in lead, 
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FIG. 1b. Examples of calculation of activation energy 
for mixed self-diffusion of silver according to data 
from investigation [10]. 


gold and copper [13]. The pre-exponential term in 
this equation contains well-known quantities (6, 

N, h), which cannot be said of other formulae relat- 
ing the diffusion parameters [14, 15]. The value of 
5 was taken to be equal to the shorter distance 
between the atoms (for silver 5 = 2.883 A, for iron 
2.52 A). 

It was anticipated that, when using experimental 
data, the equation (2) would give a good agreement 
with the results calculated by the equation (1) for 
volume diffusion, and a much poorer agreement for 
all other cases, since the interatomic distance 5 
is not constant along the grain boundaries. 

It must be noted that the results of a calculation 
of the diffusion constants by the formula (2), or 
other similar formulae, are readily comparable with 
the values of the diffusion constants obtained by 
the formula (1) only at temperatures for which 
atomic diameters are given in reference-books 
(~ 300°K). The activation energy at that temperature 
was determined by extrapolating the calculated 
values of the activation energy obtained at high 
temperatures. 

Table 1 contains the experimental data on self- 
diffusion of silver and iron, as well as on diffusion 
of chromium in iron, presented in the form of the 
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TABLE 1. Experimental data on self-diffusion of silver and iron, 
and on diffusion of chromium into iron 


Character of diffusion 


Q (kcal/g-at) 


Diffusion type acc. 


A (cm?/sec)| Source to author 


Self-diffusion ot silver 


Self-diffusion of silver .... 


45.95 
31 .95* 


Volume 
Mixed 


Self-diffusion of silver 2) .20 Boundary 
Self-diffusion of iron 74.20 ; i Volume 
Self-diffusion of iron 64.00 y Volume 
Self-diffusion of iron 30.60 : Boundary 
Self-diffusion of iron 68.00 : Volume 
Diffusion of chromium into iron.... 97 .CO ; Volume 
Diffusion of chromium into iron.... 30. 20** : 5 Mixed 


* Calculated from data in [10]. 
** Calculated from data in [3]. 


TABLE 2. Values of coefficients of self-diffusion and results of calculations of 
Q and A by formula (2) for silver [10] 


Type of self-diffusion 7 
Volume Boundary Mixed 19! 


D (cm*/sec) D (cm*/sec) D (em?/sec) 


2.93.10—9 


1.107!” 


3.26-10— !? 
4.39-10— 1° 
2.76-10—9 


| 
7.56-10 | : 
| 
| 


3.16-107 
1.107!! 
356-107 10 


coefficients ( and A in formulae of type (1). 

For the calculations by the equation (2), use was 
made both of the measured values of the coeffici- 
ents of diffusion and self-diffusion, taken from the 
original investigations [10, 11, 3], and of those cal- 
culated from Q and A quoted in the Table. 

Calculation of the values of the activation energy 
by the equation (2) was done by the intersection 
method [16]. Examples of calculations for volume 
and mixed diffusions of silver are shown in Fig. 1. 
Tables 2, 3, 4 and 5 present the values of the 
coefficients of diffusion and self-diffusion, and the 
results of calculations of Q and A by the equation 


(2). 


On comparing the values of Q and A given in 


Tables 2, 3, 4 and 5 with the data in Table 1, it 
will be seen that adequate agreement of the values 
is not always evident. The values of the energy of 
activation, calculated by the equation (2), are close 
to those obtained by the equation (1), for volume 
self-diffusion in silver and iron. In these cases, the 
values of A are also similar, which is in agreement 
with Bugakov’s data [13]. A much greater difference 
is shown by the calculated values of Q for mixed 
and boundary diffusions. For example, for silver, 
Qcalc = 23.6 kcal/g atom and Q = 20.2 kcal /g at; 
for iron [8], Qcalc = 23.50 kcal/g at. and Q=30.6 


kcal/g at. 
On examining the data in Tables 1 and 5, it will 


be seen that the values of Q for diffusion of 
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TABLE 3. Values of coefficients of self-diffusion and results of calculations of 
Q and A by formula (2) for iron [8 


Type of self-diffusion 


Volume Boundary 


Dx 10” 
(cm*/sec) 


Dx 10° 


(cm/sec) A (cm'/sec) 


| 
Q (kcal/g-at) | A (cm/sec) Q (kcal/g-at.) 


9.159 
0,157 
0.150 


23 
2.91 23.50 
| 22 55 


.44 
().447 
0,448 


1.97 66.60 
11.85 
56.8 


.00 | 
67 15 


TABLE 4. Values of coefficients of self-diffusion and results of calculations of 
Q and A by formula (2) for iron 


Volume of self-diffusion 
From data in [11] 


Dx 10” 
(cm*/sec) 


From data in [9] 


Q (kcal/ 
g-at.) 


2 
Dx10 A (cm*/sec) 


Q (kcal/ 
(cm/sec) 


g-at) A (cm?/sec) | 


).452 
0.450 
O 445 


67 .60 
67 .35 
66.70 


1.72 0.446 
11.90 0.447 
65 40 0.445 


| 1.316 | 
10.550 
66.700 


TABLE 5. Diffusion of chromium into iron [3] 


Mixed 


Volume 


D x 10? 
(cm?/sec) 


Q (kcal/ 
g-at.) 


A (cm?/sec) 


Dx 10” | Q (kcal/ 


(cm*/sec) 


g-at.) 


56.20 
57.45 
58.20 
59.85 


chromium in iron are not comparable. 

A comparison of the data in Tables 2, 3 and 1 
shows that, for boundary and mixed diffusions, the 
values of A calculated by the equation (2) differ 
by many times from the values of A calculated by 
the equation (1). 

In accordance with the equation (3), 


Nh 


i.e. A is a function of the interatomic distance. For 
this reason, the substantial difference between the 
values of A, as calculated by the equations (1) and 
(2), for boundary and mixed diffusions, and the 
small difference between these values for volume 
diffusion are significant. The large difference 
between the values of A obtained by using experi- 
mental data in the equations (2) and (1) may be 
regarded as an indication of the important role play- 
ed by boundary diffusion in that experiment. 

As already pointed out before, the closest 
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TABLE 6. Comparison of values of activation energy 


Q (kcal/g-at.)|Q (kcal/g-at.) 


Diffusion type 
equation (1) equation (2) 


Diffusion character 
acc. to author 


Self-diffusion of silver 
Self-diffusion of silver 
Self-diffusion of silver 
Self-diffusion of iron 
Self-diffusion of iron 
Self-diffusion of iron 
Self-diffusion of iron 

Diffusion of chromium into iron . 
Diffusion of chromium into iron . 


Volume 
Mixed 
Boundary 
Volume 
Volume 
Boundary 
Volume 
Volume 
Mixed 


TABLE 7. Calculation of temperatures at which values of Q are equal 


No. of 
straight line 
in Fig. 2 


Equation of 
straight line 


Diffusion character 


Temperature 
of equality 
Q2.=Q, CK) 


Diffusion 


Q,=19870+4.82T 
Q,,=31200--5.87T 
Q,y =27400—23.65T 


Self-diffusion of silver 69 
Self-diffusion of iron 102 
Diffusion of chromium 118 


Boundary 
Boundary 
Mixed 


agreement between the values of the activation 
energy calculated by the equations (2) and (1) is 
shown at temperatures for which the values of 
atomic diameters are given in reference-books 
(~300°K). At higher temperatures, in view of an 
increase in 5, which cannot be allowed for, the 
accuracy of the calculations decreases. In volume 
diffusion, one may expect a decrease in the calcul- 
ated values of Q at higher temperatures, since the 
values of A, determined by the formula (3), decrease 
with increasing temperatures. This characteristic 
is observed in the case of volume self-diffusion in 
silver (see Table 2). The data on volume self- 
diffusion in silver were obtained on monocrystals 
[10] and can therefore be regarded as reliable. The 
same type of relation between Q and temperature 
is observed for iron (see Table 4), in the case of 
calculations based on the data from the investiga- 
tions [9, 11], and may be looked upon as an indica- 
tion of predominance of volume diffusion during 
diffusion annealing. 

Fig. 2 shows curves of the calculated values of 
Q, plotted against temperature. The plot points 
form satisfactory straight lines. To check the linear 


relation between Q and 7 in a wide range of temp- 
eratures and the possibility of extrapolation along 
straight lines, values of activation energy were 
determined for diffusion in iron at 800°K and dif- 
fusion in silver at 400°K. It can be seen that the 
points (represented in Fig. 2 as white circles) fit 
exactly on the straight lines. The values of activ- 
ation energy at 300°K were obtained by extrapola- 
tion. These are compared in Table 6 with the values 
of activation energy determined by the equation (1). 

Table 6 shows that, in the case of volume sel f- 
diffusion in silver and iron, there is a complete 
agreement between comparable magnitudes. 

In boundary and mixed self-diffusions, as well as 
in diffusion of chromium into iron, the values of Q 
do not agree. In boundary and mixed self-diffusions 
in silver, and in mixed diffusion of chromium into 
iron, the values of Q, determined by the equation 
(2), are higher than those calculated from the equa- 
tion (1). In boundary self-diffusion in iron, the 
values of Q, calculated by the equation (2), are 
lower than those calculated by the equation (1). 

Extrapolation below 300°K shows that, in bound- 
ary and mixed diffusions of iron and in boundary 
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FIG. 2. Relation between activation energy, calculated by equation (2), 
and absolute temperature: 


1 — volume, 
2 — mixed, 


3 — boundary self-diffusion of silver [10]; 
4, 5, 7 — volume self-diffusion of iron according to data 
from investigations [8, 9, 11], respectively; 


6 — boundary self-diffusion in iron [8]; boundar 
and mixed diffusions of chromium into iron ts i 


self-diffusion of silver, there are temperatures at 
which the values of Q are identical. These temper- 
atures have been calculated and are shown in 
Table 7. 

It is interesting to note the similarity of the 
temperatures obtained for iron from the various data. 
The results quoted in Table 7 confirm the well- 
known fact that the average value of the interatomic 
distance at the grain boundaries is greater than the 
grain width. 


CONCLUSIONS 


1. A comparison has been made of the values of 
the diffusion parameters Q and A, obtained from the 
equations (2) and (1) for silver and iron. 

2. Comparable values of A are only obtained for 
volume self-diffusion. 

3. In volume diffusion, the values of the activa- 
tion energy, calculated by the equation (2), decrease 
with increasing temperature. 

4. A linear relation exists between temperature 
and the activation energy, as calculated by the 


equation (2). 
5. Extrapolation of the activation energies, de- 


termined by the equation (2), gives values of Q at 
300°K, which only agree with Q obtained by the 
equation (1) in the case of volume diffusion and 
self-diffusion. 

6. The results of the calculations have shown 
that the closest approach to pure volume self- 
diffusion in iron is reached by the results obtained 
in the investigations [9, 11]. 

Translated internally 
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I. INTRODUCTION 


According to current theoretical views on the 
mechanism of diffusion creep of crystalline bodies 
[1-3, 5], the strain of a specimen during creep is 
determined chiefly by the coefficient of self-diffus- 
ion of vacant lattice points. For pure metals, this 
has heen confirmed experimentally [5-7, 12]. 

Theoretical investigations of diffusion creep 
have only dealt with pure metals, i.e. with single- 
phase crystalline systems consisting of atoms of 
one kind and of vacancies. In the present paper an 
attempt is made to extend the investigation to un- 
ordered solid substitutidn solutions, i.e. single- 
phase two-component crystalline systems consist- 
ing of two kinds of atoms and of vacancies. When 
dealing with the experimental data obtained for the 
temperature dependence of diffusion viscosity of 
solutions, we will assume that, as in the case of 
pure metals, creep strain results from a directional 
stream of vacancies; the gradient of vacancy con- 
centration, which causes this stream, is establish- 
ed through the action of an externally-applied load 
[2, 5). 

To study the possibility of a relation between 
the creep characteristics and the type of phase 
diagram (or, strictly speaking, the constants deter- 
mining the form of such diagrams), we undertook an 
experimental investigation of the concentration and 
temperature dependence of diffusion viscosity for 
alloy systems of three different types: copper- 
nickel (“cigar”-type diagram); gold-nickel (dia- 
gram with congruent melting at a minimum); tin- 
lead (diagram of the eutectic type, with a limited 
mutual solubility of components). 


Il. CONCENTRATION DEPENDENCE OF THE 
COEFFICIENT OF VISCOSITY 


This chapter presents some concepts and exper- 


* Fiz. metal. metalloved., 7, No. 4, 572-585, 1959. 


imental facts which have provided a basis for our 
attempt to establish the concentration dependence 
of the coefficient of diffusion viscosity for two- 
component disordered solid substitution solutions. 
The considerations to be found here cannot be re- 
garded as a theory of diffusion creep of solid solu- 
tions. The formulae contained in this chapter are 
only semi-empirical. Nevertheless, it will be seen 
subsequently that the values of the coefficient of 
viscosity and activation energy for the process of 
viscous flow, calculated with these formulae, are in 
good agreement with the experimental data. 

Our investigation of the problem of concentration 
dependence of the coefficient of viscosity for solid 
substitution solutions will be based on the follow- 
ing premises: 

1. The change in entropy (AS) on melting is the 
same for all metals and solid substitution solutions 
having the same type of crystal lattice. For pure 
metals, this assertion can be checked with the 
formula AS = Q/T, (Q — melting heat and 7, — 
melting point); it is found that the change in entropy 
during melting of metals having a face-centred 
cubic lattice varies in the range of 2.2-2.7 cal/g 
deg, and that of metals with a body-centred cubic 
lattice — in the range of 1.5-1.7 cal/g deg. 

The hypothesis that the change of entropy on 
melting of substitutional solid solutions is inde- 
pendent of concentration was first put forward by 
Pines [8,9] and was employed for determining by 
calculation some simple phase diagrams of binary 
alloys as well as certain physical properties of 
solutions [9, 18] (melting heat, specific heat in the 
region of stratification, etc.). The formulae derived 
by Pines establish correctly the form of phase 
diagrams and the concentration dependence of the 
above-mentioned physical properties, which may be 
regarded as an indirect confirmation of the hypo- 


thesis that the change of entropy on melting is inde- 


pendent of concentration of disordered solid substi- 


tution solutions. 
Taking into account the fact that \S is independ- 
ent of c we, will introduce the concept of a 
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hypothetical melting point of alloys which are 
substitutional solid solutions. This quantity can be 
determined from the equation 


Q0) _ Qe) _ 
T,(0) Ts 


whence 


Qk) 


In (1) and (2), 7',(c) is the hypothetical melting 
point of a solution; c — its concentration; 7,(O) — 
melting point of the base metal of the solution; 

( (O) — heat of fusion of the base metal; Vz(c) — 
“configurational” heat of fusion of the solution with 
the concentration c; \S — change of entropy on 
melting of the solution base metal. It will be noted 
that, in (2), the configurational heat of fusion of the 
alloy occurs, i.e. the heat required for changing the 
phase composition of the alloy [10]; this is equal to 
the experimentally-determined heat of fusion of the 
alloy, Q,,(c), minus the heat lost in heating the 
alloy in the region of stratification, V;(c), 


Qi. (c) = — Q; 


In a general case, a two-component solution melts 
over a range of temperatures; by introducing a spe- 
cific hypothetical melting point of a single-phase 
two-component solution, the latter can be compared 
to some pure metal having the same lattice as the 
solution, and a melting point equal to the configur- 
ation melting point of the solution. Using the fami- 
liar expression for V;(c) [18], we can write the for- 
mula determining the concentration dependence of 


(ce) 


T,() =X + + 


Here, ul and u!! are the displacement energies in 
the liquid and solid phases, respectively; (4 and 


(Vg — heats of fusion of the pure metals; N — 
number of particles. 

2. The product of the values of concentration of 
vacant crystal lattice points, ¢, and the coefficient 
of self-diffusion of vacancies, D,: 


y=€D, 


at the hypothetical melting point is independent of 
the concentration of a solid substitution solution 


and is determined only by the type of crystal lattice. 


3. The value of the activation energy of the 
process of viscous flow and the hypothetical melt- 
ing point of an disordered solid solution are relat- 
ed to each other in the same way as in the case of 
pure metals [11], viz. 


6 (c) ~ Q0RT, (c). 


Taking into account (3), we can write 


8 (c) ~ 20R [Q,(1—0) + + 


(5) 
+ —o)]. 


With limited solubility of the component B in A, the 
value of Qg must be taken to mean Qg — the hypo- 
thetical heat of fusion of the component B, if the 
latter existed in a lattice of a type similar to that 
of the component-A lattice (cf. [10]). 

That the last two assertions do in fact apply to 
pure metals has been noted long ago by Bugakov 
[11]. To check their applicability to disordered 
solid substitution solutions, let us turn to the ex- 
perimental investigations [13, 14], which dealt with 
the temperature and concentration dependence of 
the coefficient of self-diffusion of Au and Ni atoms 
in Au-Ni alloys, as determined in experiments em- 
ploying radioisotopes *. 

It will be remembered that the system Au-Ni has 


* Apart from [13, 14], no other references are known to 
contain data on the temperature and concentration de- 
pendence of the coefficients of self-diffusion of solu- 
tion components ina wide range of concentrations. For 
this reason, our hypotheses could only be checked with 
reference to data on self-diffusion in the system gold- 
nickel. 


— 
(4) 
VO} 
19! 
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TABLE 1. Values of y = € DS(c) for Au-Ni alloys at 
hypothetical melting point. Pt 
Sau 
A 
0 8x 10-9 2 \\ 
0.4 sted q 
0.6 2x10—9 
0.8 3x 10-9 
1.0 3x10—9 
gle’ 
10 \ 
5 
20 W060 80 \Wi 


(at. %) 
FIG. 1. Relation between 


a diagram with the point of equal concentration at 
a minimum, and is characterized by unlimited 

solubility of its components ina range of Day(!—0)] 
800-950°C [15]. 

In the case of two-component disordered solid 
substitution solutions, the relation between the 
partial coefficients of self-diffusion of solution The quantity 7's (c) was calculated with the formula 
(3), the difference between the displacement ener- 
gies being determined by means of formulae con- 
tained in the paper [16]. This difference between 
the displacement energies in the liquid (ul) and 
solid (ull) phases was found to be equal to 


and c according to data from investigations [13,14]. 


components 


(Dj (c) and Dp (c)) 


and the coefficient of self-diffusion of vacancies 


(Ds be written in the f 
p) can be written in the form Au, = uo — uh! = — 1.2 x 10-* erg/particle 


Ds (c)-¢ + DS (c)(1—c) = =7(c). (6) The results in Table 1 are in agreement with the 
hypothesis that (c) 7 = T, is practically independ- 

In (6), € and c are the concentrations of vacancies ent of concentration. 
and type B atoms, respectively. The expression The validity of the relation (5) can also be check- 
(6) follows from the existing views on the vacancy ed using data on self-diffusion in the system Au- 
mechanism of self-diffusion and represents the al- Ni. Assuming that, as in the case of pure metals, 
gebraic form of the following assertion: the proba- diffusion creep of disordered solid solutions can be 
bility of the elementary act of self-diffusion migra- represented as a directional stream of vacancies, 
tion of one of the atoms of a solid solution (irres- in the formula determining the relation between the 
pective of the type of atom!) is the same as the coefficient of viscosity and the coefficient of 
probability of the elementary act of self-diffusion vacancy self-diffusion (5), (3) 
migration of a vacancy. 

The calculated relation between concentration 
and the magnitude y, y(c) = ¢ DS (c) at 800, 850, Bere, ED 
900 and 950°C is shown in 1.  &kTRL (7) 

The curves in Fig. 1 were used for plotting the 
diagrams of log ey vs. (1/T—1/Ts), where T, (c) 
is the hypothetical melting point of an alloy with a 
values of y(c) at the hypothetical melting point o 
the corresponding alloy were determined (Table 1). RTRL [5 (c) (1—o)]. (8) 


the magnitude €D§ can be replaced according to 
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T T 
(cal/mole) 
fe) 


50 


|70 


FIG. 2. Relation @(c) for system Au-Ni: 
— calculated results from formulae (8) and (9); 
— — —-— calculated results from formula (5) (after sub- 
traction of the linear component); 
e — test result. 


In (7) and (8), 5 — lattice parameter; R and L — 
characteristic linear dimensions of the wire. Since 
the coefficient of viscosity and the activation ener- 
gy are related according to the expression 


(9) 


it is possible to obtain 6 (c) from the slope of the 
straight lines plotted in the co-ordinates 


l 
T T 


The concentration dependence of 6 (c), obtained in 
this manner, is shown in Fig. 2. 

A comparison of the curve in Fig. 2 with the 
results of the formula (5) can conveniently be made 
by following the amount of deviation of the curve 
6 = 6 (c) from the straight line joining the values of 
the activation energies of viscous flow for the sol- 
ution components. According to (5), this amount is 
expressed by the relation 


L N (up — ud) c(1— ¢). 


In Fig. 3 are shown the concentration dependence 
L(c), obtained by graphic subtraction of the straight 
line corresponding to the law of additivity, from the 
curve of O(c), and the calculated curve of L (c), 
obtained with the formula (5). In calculating the 
curve of L (c), the following values were adopted: 
AS = 2.3 cal/g deg, Ay = 1.2 x 10°? erg/particle. 


A comparison of the calculated and experimental 


curves of L (c) confirms that the relation (5) is 
satisfied for solid Au-Ni solutions. 

Bearing the above in mind,it is possible to obtain 
an expression determining the concentration depend- 
ence of the coefficient of viscosity in diffusion 
creep of solid two-component solutions. 

For this, it is necessary that, at 7 = 7,, the ex- 
pressions (7) and (9), determining the values of n, 
should agree; we will also take into account the 
fact that the value of €DS is independent of con- 
centration (at J = T,), and the formula (3) which 
determines the value of 7,. After transformation, 
we obtain 


T) = + Que + 
+ NAuge (1—o)] exp [Q,(1 + (10) 


+ + NAu,c (1 — 
In (10), 


Using the relation (10), it is possible to establish 
a criterion of the capacity for increasing the 
strength (in the sense of reduction in the rate of 
diffusion creep) of a given base metal by means of 
a soluble addition. In fact, the condition of 
strengthening a metal A by an addition of a metal 
B can be written in the form 


on 
> 0. 


(11) 


Taking into account the equation (10), it follows 
from the condition (11) 


Aity > Q,— Qp- (12) 


Similarly, the metal B will be strengthened by an 
addition of the metal A which goes into solution, if 


ay 
(13) 


from which follows the condition 
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FIG. 3. Relation In 7 vs. 1/T for FIG. 4. Relation In 7 vs. 1/T for alloy 
copper. Cu-Ni (75-25%). 


TABLE 2. Data on viscosity of copper-nickel alloys 


T.(CC) 7 (poise) 


Composition 


890 2: 5:% 10% 
Pure copper 900 2.7 x 1018 
1000 4.21018 


9 Ni 
— 1.45 10% 


1.50 x 1038 
1.85 x 1033 
7.7x 108 
9.0x 10!% 


Specimen | 


Specimen 2 


50 % Cu + 50% Ni 
1.0 x 1035 
Specimen | 9.1 x 1018 
1.0 x 1918 


1.210% 
2.9 x 1018 


Specimen 2 


Au, > — Q4. (14) == +(1—2c) Au]. (16) 


Clearly, the effect of a given alloying addition on 
the change in the resistance of a solution to diffus- 
ion creep will vary with concentration of the solu- a symmetrical or nearly-symmetrical “cigar”), the 


tion. The effect of an alloying addition in such ca- coefficient of strengthening should be practically 
pacity can be characterized by a strengthening coef- _ independent of concentration. 


ficient A (c), determined in the following way: The above semi-empirical equations permit an 
assessment of the coefficient of diffusion viscosity 


for a two-component solution from the data deter- 
ht mining the shape of the phase diagram. 
(15) 


When the value of Au, is close to zero (the case of 


A(c) = 
Oc |T=const 


* Allowing of course for the inequality 


From (15), taking into account (10), it follows* T< 20—* ; 
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FIG. 5. Relation In 7 vs. 1/T for alloy 
Cu-Ni (50-$0%). 
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46 60 80 WE 


FIG. 6. Relation @ (c) for Cu-Ni 
alloys. 


TABLE 3. Viscosity of alloys in system tin-lead 


Alloy (%) T CC) 


Lead-tin 
100—0 175 
85—25 175 
175 
60—40 175 
40—60 175 
175 
100 175 


100—0O 160 
85—15 160 
75—25 160 
60—40 160 
40—6C 
20—80 160 

0—100 


Ill. EXPERIMENTAL DATA ON CREEP OF 
TWO-COMPONENT SOLID SOLUTIONS 


In this section are presented the experimental 
results obtained in an investigation of diffusion 
creep of alloys in three systems: Cu-Ni, Ag-Ni 


and Pb-Sn. 
a. System copper-nickel. It is known [15] that 


the system copper-nickel has a “cigar”-type phase 
diagram which is practically symmetrical about a 
straight line joining the melting points of its pure 
components. The difference hetween the displace- 
ment energies, 


Au, = 


is in this case equal to zero [16]. Investigation of 


diffusion creep of alloys in this system is of parti- 
cular interest in view of the simplicity of the phase 
diagram. 

In the tests,* alloy specimens were used, obtain- 
ed by melting together copper and nickel of electro- 
lytic origin. The starting metals had a quaranteed 
purity of 99.9 per cent. The alloys were prepared in 
a Kryptol (electric-resistance type — Transl.) 
furnace, by melting the charge in porcelain crucibles 
under a layer of borax or charcoal. The ingots were 
annealed, hammered and then drawn through Pobe- 
dite (sintered hard alloy — Transl.) dies to 0.5 mm 
diameter. Before the preparation of specimens, the 
alloy and pure-inetal wires were subjected to a 


* Student L.I. Pavlichenko took part in the measure- 
ments. 
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FIG. 8. Relation between viscosity and 
concentration of alloys. 


TABLE 4. Calculated and experimentally-obtained values of 7 and 0 
for solutions of tin in lead 


17T=160°C 


Values of 0 
NT=175°C (kcal/mole) 


Alloy (%) 


calc. 


exp. calc. 


Lead-tin 

100—C 
85—15 
75—25 


4.3 x 10% 25 2+0,8 
1.8 x10" 21.1+0,8 
5.2, 1018 21.220,8 


special treatment consisting of alternate annealing 
and 2-3 per cent deformation in order to obtain 
stabilized grains of suitable size (see below). The 
measurements were made in an apparatus described 
earlier [17]. The following loads were employed: 

at 1000 and 900°C — 4.6 x 10° dyne/cm?; at 800°C — 
12.2 x 10° dyne/cm?. 

It is known that, unlike the coefficient of self- 
diffusion, which characterizes the mobility of atoms 
in the crystal lattice and is a unique function of 
temperature (if the lattice of the specimens is not 
distorted), the coefficient of viscosity is not a 
unique function of temperature and, apart from the 
coefficient of self-diffusion, is also determined by 
the grain dimensions [6] (see formula (17) ). Conse- 
quently the concentration dependence, determined 
from the experimental data obtained with different 
specimens, may be affected by the possible differ- 


ence in the grain dimensions of different specimens. 


Our basic object was to find the concentration de- 
pendence of the activation energy in diffusion creep 
rather than that of the coefficient of viscosity. 


To ensure that the data on the activation energy 
are not influenced by possible differences in the 
grain size of specimens, the same specimen was 
used for measurements at different temperatures; 
the first measurement was at 1000°C, and then at 
900 and 800°C. With this test procedure, the value 
of 7 as a function of temperature could only change 
as the magnitude ¢ D,, changed. 

To obtain reliable data on the value of the activ- 
ation energy, the measurements were made on speci- 
mens having different initial grain sizes. In order 
to determine 0, values of 7 were used, obtained 
from the creep curve in the region of steady creep. 
The values of 7 were calculated by the formula 
n = pt/e =p/e. 

The experimental results used for calculating the 
values of @ are quoted in Table 2. 

The values of the activation energy were deter- 
mined by the usual method, from the slope of the 
straight line plots of log, n vs. 1/T (Figs. 3, 4,5). 

Let us consider the results obtained. The concent- 
ration dependence of the activation energy, shown 
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in Fig. 6, is satisfactorily represented by a straight 
line joining the values of the activation energies of 
pure copper and nickel.* This result agrees with the 
fact that the difference between the displacement 
energies in the liquid and solid phases for the sys- 
tem Cu-Ni is known, because of the symmetrical 
shape of the “cigar”, to equal zero. Consequently, 
the quadratic term in the expression (5) vanishes 
and ((c) becomes a linear function of solution con- 
centration. Thus, the relation U(c), determined ex- 
perimentally, is satisfactorily represented by the 
formula (5). 

The criteria of the strengthening capacity of pure 
components, given by the formulae (12) and (14), 
are also satified. It follows from these formulae, in 
accordance with the experimental data, that intro- 
duction of nickel into copper should increase the 
diffusion viscosity of copper, and, conversely, in- 
troduction of copper into nickel should decrease the 
diffusion viscosity of nickel. 

b. System gold-nickel. Investigation of diffusion 
creep of gold-nickel alloys is at present of particu- 
lar interest, since the value of the activation energy 
of the process (as far as data are available on the 
temperature and concentration dependence of the 
coefficients of self-diffusion of the alloy compon- 
ents) can be determined by three independent 
methods (23): 

(1) From the data on the value of \uo (obtained 
from the phase diagram) and on the melting heats of 
gold and nickel (see formula (5) ). 

(2) From the data on the concentration and temp- 
erature dependence of the coefficients of self-dif- 
fusion of the solid-solution components. 

(3) Experimentally, from the data on the tempera- 
ture dependence of the diffusion viscosity. 

The first two methods were used in chapter 2, 
which contained a discussion of the concentration 
dependence of the coefficient of viscosity and cal- 
culated values of 0, shown in Fig. 2. In this section, 
the third of the above methods will be employed. 

Creep tests were carried out by us on specimens 
of an Au-Ni alloy (50-50 per cent) at three temper- 
atures: 800, 860 and 920°C. The specimens were 
prepared in the following manner. Gold and nickel 
(of 99.9 per cent purity) were melted together in a 
graphite crucible, in a Kryptol furnace, under a layer 
of fused, dehydrated borax. To obtain a wire of the 
required diameter (0.6 mm), the little ingot was 
vacuum- melted in a quartz tube ending in a capil- 
lary. On admitting air into the tube, the molten metal 
was driven into the capillary. While in the capillary, 
the specimen was thoroughly annealed, after which 
the quartz was etched away with hydrofluoric acid. 


As in the case of Cu-Ni alloys, measurements at 
different temperatures were made on the same speci- 
mens. Viscosity was determined from the rate of 
elongation in the region of steady creep. 

Fig. 7 shows the relation between loge 7 and 
1/T. The value of the activation energy, obtained 
from the slope of the straight line, was found to be 
45 + 2x 10° cal/mole. In Fig. 2, the value found 
for the activation energy is indicated with a black 
point. It can be seen from Fig. 2 that all three pos- 
sible methods of determination of the activation 
energy result in similar values of Uc = 0.5. 

c. System lead-tin. Alloys in the system lead- 
tin are represented by a phase diagram of the eutec- 
tic type with limited mutual solubility of components 
[15]. Diffusion creep of alloys in this system was 
studied by us over the whole range of concentrations, 
at two temperatures (160 and 175°C). The alloys 
were prepared by melting together the charge 
materials (99.98 per cent tin and 99,99 per cent 
lead) under a layer of rosin. Wires were produced by 
drawing small bars of the alloys through a steel 
die of appropriate diameter. The measurements ' 
were made on wires of 0.2 and 0.3 mm diameter. 
Before the measurements, the wires were subjected 
to prolonged annealing to ensure homogenization 
and grain stabilization. All measurements were 
carried out in an atmosphere of flowing hydrogen. 

In these measurements, relative error in determining 
the values of 7 amounted to about 7-8 per cent. 

The data on the viscosity of the alloys investi- 
gated in the region of steady creep, evaluated from 
the test results, are presented in Table 3 and, as 
curves, in Fig. 8. 

Attention is drawn to the following characteristic 
features of the relation obtained: 

Firstly, in the zone of concentrations where 
mutual solubility of alloy components prevails, vis- 
cosity rapidly decreases with increasing concent- 
ration of the solute. In Fig. 8, the concentration of 
the saturated solution is marked on the appropriate 
curves with crosses. 

Secondly, in the region where a mixture of satur- 
ated solutions exists, the concentration dependence 
of viscosity is much less pronounced. 

Let us consider the problem of concentration de- 
pendence of viscosity of the alloys in the region of 
the a-solution of tin and lead. The rapid decrease in 
viscosity with increasing tin concentration in lead, 
observed in this region, can be represented with the 


* No measurements were made for nickel. The value of 
#x; was taken from the investigation [20]. 
t Student V. Pirogov took part in the measurements. 
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formula (10). 

Krom the experimental data on the concentration 
dependence of the configuration melting heats for 
alloys in the system tin-lead, and on the changes 
in the specific heat on crossing the liquids and 
solidus lines, as well as from calculations of the 
shape of the phase diagram, it follows [18] that the 
value of the difference between the dislocation 
energies in the liquid and solid phases (a-phase) 
\uo = — 3 x 10° erg/particle, while the value of 
the hypothetical melting heat of tin, should it exist 
in the lead lattice, isOp = 0.56 x 107° erg/particle. 
It is the fact that Op <Q4 = Upp = 0.93 x 10°? 
erg/particle and that \uy < 0 which is responsible 
for the rapid decrease of the value of 7 with in- 
creasing solution concentration (see formula (10) ). 
Using the formulae (5) and (10) and the values of 
Vg and Au, quoted, it is possible to calculate the 
values of viscosity and activation energy for the 
creep process of solutions of tin in lead. The 
values of 7 and 9, both calculated and obtained 
from the experimental results, are quoted in Table 
4. 

When calculating the values of 7, we assumed 
that, in the formula (10), RL =5 x 10°5 cm?. This 
value, which gave an entirely satisfactory agreement 
between the experimental and calculated values of 
7, conforms with the structure of the wires investi- 
gated. The 0.2 mm diameter wires had in their cross- 
section 2-3 approximately isomeric grains, so that 
R~=L ~2/3 x 107 and, consequently, RL =5 x 
10-5 cm?. 

A quantitative assessment of the section of the 
n(c) curve lying in the region of tin solution in lead 
cannot be made, because no data are available on 
the value of the difference between the displace- 
ment energies, while accurate calculation of this 
value from the phase diagram is impossible because 
of the low solubility of tin in lead. Let us note only, 
that the rapid decrease in viscosity with increasing 
concentration in the region of the solution of tin in 
lead conforms with the fact that the value of Ops 
must be expected to be small compared with Qs,. 

Faint concentration dependence of viscosity in 
the region of coexistence of saturated solutions is 
entirely natural. In fact, if the wire structure were 
such that its cross-section held only one grain of 
the a- or 8-solution, the fluidity (1/7) of such a 
specimen should be linearly related to concentration. 
Using the “lever rule”, we can write 


In (17), cq and c8 are concentrations of saturated 
solutions at the test temperatures, and 


are relative elongations of the saturated solutions. 
If the specimen has a more complex structure, the 
concentration dependence of fluidity may be even 
less pronounced because creep of the phase sec- 
tions having a lower viscosity may be inhibited by 
the phase sections with a higher viscosity. It can 
therefore be assumed that, in the region of coexist- 
ence of saturated solutions, the concentration de- 
pendence of viscosity is less strongly pronounced 
than if it were determined by a relation of the type 


where w and ¢ are some constants. 

In one of our earlier papers [19], we published 
data on the concentration dependence of diffusion 
viscosity for lead-base solid solutions (Pb-Sb, Pb- 
Cd and Pb-Bi). We showed that the rate of diffusion 
creep of a solid-solution specimen, whose lattice 
is in a state of equilibrium or quasi-equilibrium, is 
governed less by the type and concentration of the 
alloying addition (in the given matrix), than by the 
degree of solution saturation, i.e. the ratio of the 
actual concentration c; to the concentration of a 
saturated solution, cs. 

It should be possible to explain this observation 
with the aid of the formula (10). Quantitative corre- 
lation of the data given in [19] with the formula (10) 
is difficult because, owing to the low solubility of 
cadmium and antimony in lead (in the case of cad- 
mium, no solubility could be detected [15}), the 
values of Ug and Au, cannot be accurately deter- 
mined from the shape of the phase diagram, and 
were not obtained experimentally. It may be noted, 
however, that compatibility of the results in the 
investigation [19] and of the formula (10) is indicat- 
ed by the fact that the value of Op must decrease 
with decreasing solubility of the corresponding ad- 
dition at the given temperature. This qualitative 
conclusion,is based on the following premises. The 
value of Op equals AS. Ta and tT, can be deter- 
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FIG. 9. Phase diagram of eutectic type, 
with different solubilities of components 
B and A at a given temperature. 


mined by the intersection of extrapolated liquidus 
and solidus lines; this must occur at a temperature 
which is the lower, the lower the solubility of the 
addition at the given temperature (tig. 9). No such 
quantitative conclusion can be drawn regarding the 
value of \uo. 


IV. THE POSSIBILITY OF INTERCRYSTALLITE 
ADSORPTION TAKING PLACE DURING 
DIFFUSION CREEP 


In connexion with the discussion of the problem 
of directional self-diffusion of vacancies and two 
kinds of atoms in a disordered, two-component 
substitutional solid solution under the action of 
applied load, it is necessary to note the following. 

In every grain of a polycrystalline specimen sub- 
jected to a creep test, one must distinguish two 
groups of grain boundaries, with the directional 
vacancy stream flowing from the type a boundaries, 
stressed in tension, to the type 8 boundaries (lig. 
10). At a given temperature, the magnitude of this 
vacancy stream, j,, is a function of the load applied 
to the specimen. In the opposite direction flow the 
streams of type A atoms j4, and type B atoms, 
jp, sothatj, =j4 +jp- Since, in a general case, 


Ss 


the magnitudes of the streams of type A and type B 
atoms will be different. In consequence, the direct- 
ional displacement of atoms, taking place under 
the action of an externally-applied load, should 
result in a redistribution of atom concentrations 
within the limits of a grain. Assuming that 
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FIG. 10. Diagram showing development of inter- 
crystallite adsorption in stressed specimen: 
— stream of vacancies; 
——-—-—-— stream of type A atoms, 
bwaneeanse — stream of type B atoms. 


then the grain boundaries of type a should become 
enriched with type A atoms and, accordingly, the 
boundaries of type 8 should become enriched in 
type B atoms. 

Diffusion redistribution of components within a 
grain, due to the action of applied load, leads to 
the appearance of a concentration gradient in a dir- 
ection opposite to that of the stream of atoms of the 
given type. [he magnitude of the gradient will in- 
crease with the time of isothermal application of 
load up to some value \c/A (A — a characteristic 
linear dimension of the order of the grain size), 
whose magnitude must be proportional to the mag- 
nitude of the load causing and maintaining this 
gradient: \c/A = & (p). 

These considerations can be expressed in the 
following way: in a polycrystalline specimen sub- 
jected to a creep test, there must occur intercryst- 
allite adsorption which is not uniform over the 
grain surface. Ihe type a boundaries will then be- 
come enriched in the solution component having a 
higher coefficient of self-diffusion, while at the 
same time the type 3 boundaries will become im- 
poverished in that component. 

It must be added that, unlike the intercrystallite 
adsorption of a horophile component [22], the inter- 
crystallite adsorption due to an externally-applied 
load is not a result of the system tending to a mi- 
nimum of interphase energy; instead, this adsorp- 
tion is a kinetic effect taking place when the 
partial coefficients of self-diffusion of the solution 
components are not equal. Upon removal of load, 
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the local non-homogeneity of distribution of the 
type A and B atoms should in time become eliminat- 
ed through diffusion. 

Intercrystallite adsorption under the action of 
load must take place simultaneously with the phe- 
nomenon of intercrystallite adsorption of a horo- 
phile component. This must be taken into consider- 
ation when studying the action of load on the redis- 
tribution of solution components within a grain. 

These considerations can be checked conclusively 
by carrying out tests with coarsely-crystalline spe- 
cimens of a solid solution, whose one component is 
either radioactive or differs substantially from the 
other in the value of its coefficient of \-ray absorp- 
tion. One material, whose study permits the use of 
the second of the above two methods, is a solid so- 
lution of silver in aluminium, which was successful- 
ly employed by Arkharov and Skorniakov [21] in a 
study of the phenomenon of intercrystallite adsorp- 
tion of a horophile component. 


V. RESULTS 


1. The problem of the concentration dependence 
of the coefficient of viscosity in two-componet, dis- 
ordered solid substitution solutions is discussed. A 
semi-empirical expression has been proposed, de- 
termining the relation between the coefficient of 
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independent methods: 
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sion of components in the solution; 

(b) from the data on the melting heats of the solu- 
tion components and on the value of the difference 
between the dislocation energies, which can be 
obtained from the phase diagram; 

(c) from the data on the temperature dependence of 
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intercrystallite adsorption under the action of load 
applied to the specimen. 
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THE NATURE OF THE CHANGE IN YOUNG’S MODULUS OF ELASTICITY WITH 
INCREASING STRAIN * 
A.V. GUR’YEV 
Stalingrad Mechanical Institute 
(Received 20 January 1958) 


Results are given of an experimental investigation of the variation of Young’s modulus of elasticity 
with increasing strain, together with a theoretical explanation of this phenomenon, based on the as- 
sumption of the existence of microheterogeneities in a real polycrystalline alloy. It is shown that, in 
the elastic region, with the formation of closed hysteresis loops, the true value of the modulus of 
elasticity for steels decreases linearly with increasing strain, while in cyclic loading, at the moment 
of stress reversal, the modulus assumes a stable value for the given alloy. The influence of prior 
cold work is demonstrated. Experimental verification gave good agreement between fundamental 
theoretical considerations and the test results. High-accuracy strain measurements were made with 


an extensometer of the author’s design. 


All real polycrystalline alloys exhibit upon 
stressing a greater or smaller degree of imperfect 
elasticity, which may be reflected, for example, in 
deviations from Hooke’s Law; the loading curves: 
in such a case does not coincide with the unload- 
ing curve, and a closed hysteresis loop is formed. 
Young’s modulus of elasticity is thus no longer a 
constant value, as assumed in the theory of elas- 
ticity for ideally-elastic materials, but some func- 
tion of strain (or stress). 

The appearance of non-elastic phenomena in a 
metal may be due to various causes, such as dis- 
placement or diffusion processes, etc. However, 
the formation of closed hysteresis loops appears 
to be connected essentially with processes of 
plastic deformation, progressing at different rates 
in different microsections of an alloy, since the 
full loading-unloading cycle does not lead to the 
generation of a residual strain. It must be noted 
that the mechanism of development of non-elastic 
(plastic) deformation in small sections of an alloy 
has not yet been thoroughly investigated and ex- 
plained. According to Zener, a definite part in this 
connexion is played by slip bands in the metal 
being strained, while Ké Ting-Sui introduces the 
concept of slip along the grain boundaries [1]. 

Pavlov [2], however, has pointed out that the 
course of plastic deformation is not uniform through- 
out the whole volume and that it starts in small 
areas of a crystal (microsections). The existence 


* Fiz. metal. metalloved, 7, No. 4, 586-594, 1959. 


of differently-stressed microsections of an alloy 
during its deformation has been confirmed by X-ray 
investigations. Rovinskii [3] has shown that dif- 
ferently-oriented microstresses are present in a 
plastically-deformed alloy even after load removal. 

On the basis of these concepts of deformation in 
a real polycrystalline alloy, the author has derived 
final forms of equations of curves describing the 
ascending and descending branches of the hysteresis 
loop [4]. Let us recall these equations. 

During the first loading of an as yet undeformed 
alloy, 


(1) 


where E, is the modulus of normal elasticity for 
purely-elastic strain, assumed to be a material cons- 
tant which does not vary with increasing stress; 

[I is a new material constant characterizing the 
entry of the alloy microsections into non-elastic 
deformation on stress increase. Its reciprocal is 
numerically equal to the proposition of the trans- 
verse section area (or volume), undergoing non- 
elastic deformation when the effective stress in- 
creases by 1 kg/cm?. 

On unloading a stress o,, as a result of redistri- 
bution of microstresses the equation of the des- 
cending branch of the hysteresis loop has the 
form 
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Modulus E x 10° (kg/cm?) 


FIG. 1. Theoretical curves of strain and variation of 
modulus E: 
1 — during first loading; 
2 — during unloading; 
3 — during second loading. 


(2) 
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At subsequent load applications, the equation of 
the ascending branch of the hysteresis loop has the 
following form: 


1. THEORETICAL INVESTIGATION 


The equations (1), (2) and (3) show that the 
strain curves in the case of closed hysteresis loops 
are parabolae. Since the parameter of the parabola 
(1) is half that of the parabolae (2) and (3), it fol- 
lows that the strain curve during the first load ap- 
plication must have a greater curvature than the 
curves for the subsequent load applications. Thus, 
after the first load application, as a result of a 
stress redistribution in microsections, hardening of 
the specimen material takes place and is reflected 
in smaller deviations from the linear Hooke’s Law. 
The present theory does not take into account the 


possibility of cold work of microsections as a result 


of accompanying plastic deformations [4], since 
these deformations are very small and, during one 
load cycle, cannot exceed the values of elastic de- 
formation. 

With purely elastic deformations, the value of the 
modulus of normal elasticity, Eo, can vary with in- 
creasing stresses only as a result of a change in 
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the interatomic distances, leading to a change in 
the interatomic bond forces. These changes, how- 
ever, will be quite insignificant, since elastic de- 
formations do not exceed a fraction of one per cent. 
Consequently, the value of the modulus, £4, is 
taken as constant for a given material. 

The value of the modulus of elasticity, determin- 
ed experimentally for a material showing deviations 
from the linear !looke’s Law, will depend on the 
extent of loading and will vary as the strain in- 
creases. For this reason, it is appropriate to study 
the laws of variation in the actual value of the 
modulus of elasticity with the modulus being deter- 
mined as the derivative 


= (4) 


From the equation (1) it follows that, during the 
first load application 


This means that the variation of the value of E as a 
function of stress should obey a parabolic law. Ex- 
pressing EF as a function of strain ¢, we obtain 


(6) 


Consequently, the equation (6), plotted in the co- 
ordinates F vs. ¢, gives a straight line 1 (Fig. 1) 
which intercepts on the axis of ordinates a length 
equal to Eo, while the tangent of the angle between 
that line and the axis of abscissae is equal to 


F2 
tana, >= — 


On the second load application, 


E 6, (8) 


while the extent of reduction of the actual value of 
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TABLE 1. Test result for specimens of grade 20Kh steel 


Extensometer readings 


Divisions | Difference 


Deviations 
from mean 
value of 


Eg (%) 


Difference 
AE “4x 10° 
(kg/cm?) 


140.4 
139.8 
139.7 
140.1 
140.5 
140.9 
140.6 


0 0 
500 140.4 
1000 280.2 
1500 419.9 
2000 569.0 
2500 700.5 
3000 841 .4 
3500 98? .0 141.0 
4000 1123.0 141.0 

4500 1264.0 


| 


—0.003 
+0.007 
+0.019 
+0,.005 

0.000 
—0 

0.000 
—C.005 
—0.004 
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the modulus will be half that for the first load ap- 
plication, since now 


and consequently, 


tan @, == 2tana, (10) 


The extent of reduction of the value of £ during 
load removal will be the same as during the second 
application, since, by a similar analysis of the 
equation (2), we obtain 


At the instants of load direction reversal (irres- 
pective of the value of amplitude and asymmetry of 
the load cycle), the true value of the modulus of 
normal elasticity must momentarily assume its max- 
imum, equal to E,. 

In Fig. 1 are shown the curves of variation of the 
modulus £ for a low-carbon streel, plotted from 
theoretical data. It is easy to discover in it all the 
characteristic features discussed above for the 
first and subsequent load applications in a symmetric- 
al cycle, when a closed hysteresis loop is formed. 


2. INVESTIGATIONS AT LOADS NOT EXCEEDING 
THE YIELD POINT 


In the tests, standard, round specimens of 10 mm 


diameter were used. Loads were applied on a uni- 
versal hydraulic machine with pendulum measure- 
ment of force. 

Strain of specimens was measured with a high 
accuracy by means of an extensometer designed by 
the author [5]. One division of the instrument is 
equivalent to 0.1 yu. The design of the instrument 
eliminates backlash, which is of particular import- 
ance in the measurements ofhysteresis loops, which 
call for determination of strain during unloading. 
The scale of the extensometer is linear. 

The tests were made on carbon steels of grades 
10, 15, 20, 30 and 40 (C contents of 0.1, 0.15, 0.2, 
0.3 and 0.4, respectively — Transl.), and a chromium 
steel of grade 20Kh (0.2 C and 1 per cent Cr — 
Transl.). 

When load did not exceed the yield point and did 
not result in necking no stable hysteresis loops 
were obtained and, after a few load cycles, the 
stress-strain curve in this section was found to be 
practically a straight line. In order to assess the 
accuracy of the proportionality in the stress vs. 
strain relation (i.e. Hooke’s Law), as well as the 
accuracy ensured by the procedure and equipment 
used in the determination of Young’s modulus, the 
test results obtained on a specimen of steel 20Kh 
are quoted in the Table (mean values from 5 con- 
secutive load applications). 

The hysteresis loop in this section, not extending 
beyond the yield point, does not form at all in practice 
(during unloading, the extensometer readings were 
the same, within the limits of experimental accuracy, 
as those during loading). Thus, if a loop does exist, 
its width is covered by the scatter of the experimental 
points, even though this scatter does not exceed one 
extensometer division. Consequently, the width of 
the hysteresis loop could not exceed 2x 10° mm/mm, 
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Instrument base 


FIG. 2. Change in deformation during transition 
through yield step. 


and on the diagram, this width would be less than 0.1mm. 


If, in the modulus calculations, it is allowed for 
the fact that, during loading, the cross-sectional 
area of the specimen decreases (in this particular 
case by up to 0.15 per cent), and the increase of 
the instrument base reaches 0.26 per cent, a scatter 
of the modulus values is obtained (see column 5 in 
the Table), which is very small compared with the 
mean value of Eg = 2.167 x 10° kg/cm?. It can be 
seen from the Table that the deviations do not ex- 
ceed 0.5 per cent during the loading phase. This is 
an indication of a high accuracy in the carrying out 
of the experiments, since a deviation of 0.5 per cent 
corresponds to an error in the setting of load of 
only 2.5 kg or to an error of 0.7 of a division in 
reading the extensometer indication. Apart from 
this, it must be taken into account that the scale 
of no test machine is absolutely uniform. 


3. TESTS AT LOADS BEYOND THE 
YIELD POINT 


Upon reaching the yield point and entering the 
yield step (in materials having such a yield step), 
plastic deformation begins to take place non-uni- 
formly over the length of the specimen [6], usually 
passing over its whole length and gradually spread- 
ing to new zones [7]. For this reason, it is impos- 
sible to investigate the formation of hysteresis 
loops and, consequently, the variation of the modu- 
lus E upon reaching, for example, a residual de- 
formation corresponding to the point A (Fig. 2), 
since the length of the instrument base will contain 
a section with a length a, on which plastic deforma- 
tion has already occurred, and a section with a 
length b, on which plastic deformation has not yet 
taken place. 

Thus, immediately after passing the yield step 
and entering the zone of hardening (point B), each 
new loading — unloading cycle results in the 
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FIG. 3. Cyclic loading with symmetrical cycle and 


gradually decreasing amplitude. 


formation of stable hysteresis loops, whose para- 
meters, according to the equations in section l, 
must be: the modulus of normal elasticity, Fo, 
(Young’s modulus), characterizing elastic deforma- 
tions, and the constant II, representing the hetero- 
geneity of an actual polycrystalline alloy from the 
point of view of non-simultaneous transition of in- 
dividual microsections into non-elastic deformation. 
The nature of formation of the yield step has not 
yet been explained. In attempts to solve this 
problem, many contradictory opinions have been ex- 
pressed [6]. The complexity of this phenomenon and 
the importance of explaining it have been emphasiz- 
ed by Davidenkov [8]. Since, with loads which do 
not result in the yielding no noticeable hysteresis 
loops are formed, while in order that they should 
form, some preliminary process is necessary, it can 
be assumed that this process is associated with the 
breaking down of some “barriers” (strong, brittle 
components, possibly the skeleton) which oppose 
plastic dislocations in individual microsections. In 
this connexion, of particular interest is the paper 
[9], showing that, in dynamic loading, a noticeable 
increase in the limit of proportionality takes place 
only during the first impact. Once yield has taken 
place, subsequent impacts result in no further 
increase in the limit of proportionality. 
Experimental verification of all the characteristics 
of the variation in the true value of the modulus £, 
described in section 1 and presented graphically in 
Fig. 1, would appear to face insurmountable diffi- 
culties, since theory demands a sharp distinction 
between the first and subsequent load applications. 
In fact, neither the first not the subsequent load 
applications, performed without passing the yield 
point, can be described with the equations derived, 
since in this case no microplastic dislocations are 
present. After passing the yield point, however, 
only the second group of equations, (2), (3) and (8), 
which are valid for repeated load applications and 
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FIG. 4. Diagrams of variation of modulus E for specimens 
of steel 30: 
1 — for loading up to yield step; 
2 — for first loading; 
3 — for unloading; 
4 — for subsequent loading. 


removals, can be employed, because, as a result of 
plastic deformation, redistribution of microstresses 
already takes place on yielding. The first loading 


after load removal becomes in fact the second load- 
ing, and this makes it impossible to verify the first 
group of equations, (1) and (6). 

According to this theory, to restore a material to 
its initial condition means to eliminate all over- 
stresses in individual microsections, i.e. to obtain 
a uniform stress distribution throughout the micro- 
sections, which does not vary from point to point 
(or to reduce all these microstresses to zero). This 
can be achieved through deep tempering, except 
that the brittle skeleton, which had been destroyed 
on yielding will thus be produced once again. Con- 
sequently, the alloy will have those properties 
restored which it possessed before yielding. 

We have chosen another way. If an overstressed 
specimen (after passing the yield point) is subject- 
ed to alternating loading with a gradually decreas- 
ing amplitude (Fig. 3), all the plastically-strained 
microsections will be relieved as a result of de- 
creasing, alternating strain. This process resembles 
to some extent the widely-employed process of de- 
magnetization of steel parts, which are placed in a 
solenoid through the winding of which is passed a 
gradually attenuated current. Now, after the speci- 
men has been trained in this way, its deformation 
and the characteristics of variation of the true 
value of the modulus of normal elasticity during the 
first and subsequent load applications and removals 


must obey the equations derived for them. 

ig. 4 shows the curves of stress and variation 
of the modulus F£ as functions of strain for steel 
30. It can be seen that this diagram not only qua- 
litatively satisfies all the requirements of theory 
(which is made evident by comparing it with the 
theoretical diagram shown in Fig. 1), but also 
quantitatively gives a good agreement with the test 
results, as indicated by the small discrepancy 
between the experimental points and the theoretical 
straight-line curves. In lig. 4, for comparison, are 
given the results of measurements of strain and of 
determination of Young’s modulus, made at load 
applications not exceeding the yield step (straight 
lines 1), when no hysteresis loops are formed. 

Straining of the specimen was performed not with 
symmetrical cycle, as shown in Fig. 3, but with a 
one-sided cycle with a constant mean stress, which 
is easier to produce in practice. 

Since the staight lines of variation of the modulus 
during repeated load applications and removals have 
the same absolute values of slope, it should be 
possible to make the line 3, by turning it round the 
axis of ordinates (fig. 4), coincide with the line 4. 
In Fig. 5 it can be seen that the experimental 
points of variation of F during repeated load appli- 
cations and removals lie satisfactorily on one 
straight line, the line 3. This method of constructing 
the diagram is more descriptive and convenient, 
since the number of points on which the line 3 is 
plotted is increased, while at the same time control 
is exercised over the accuracy of test results through 
dynamic juxtaposition of the loading and unload- 
ing processes. 

Analysis of the equations given here shows that 
the curves of variation of the modulus E for the 
first and second load applications must intersect at 
a point A, having an abscissa equal to €,,4,, and 
that at the beginning of loading, the modulus E 
assumes its maximum value Eo, as is clearly shown 
in Figs. 4-7. This conclusion remains valid, of 
course, for any value of amplitude and for all types 
of cycles. 

In Fig. 6 are shown the results of measurement 
of the modulus E for different cycle amplitudes. The 
results presented confirm the validity of adopting II 
as a material constant, since it follows from the 


formula (9) that, for [I = const, the slope of the 
lines is constant and, on a diagram, they must be 


parallel to each other (lines 2). This has in fact 

been confirmed experimentally. 

4. AGRAPHIC METHOD OF DETERMINING THE 
“MODULUS OF MICROPLASTICITY” 


From the equation (9) it follows that 
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FIG. 5. Diagrams of variation of modulus EF for 
specimens of steel 20kh: 


1 — for loading up to yield step; 
2 — for first loading; 
3 — for subsequent loading. 


2 


2tana 


= (11) 


From the geometry of the diagram in Fig. 7 we can 
write 


E,-—E 


(12) 


Comparing the equations (11) and (12), we obtain 


E3 
(13) 
The formula (13) is convenient for practical de- 
termination of the modulus of microplasticity, in 
view of the fact that correct construction of the 
diagram is fully controlled by the rules presented 
in the preceding section. 


5. THE PROBLEM OF DECREASE OF YOUNG’S 
MODULUS AFTER PLASTIC DEFORMATION 


From the diagrams presented above it can be seen 


+670 


FIG. 6. Diagrams of variation of modulus E for 
specimens of steel 10 with different loading amplitudes : 
1 — during first load applications; 
2 — during repeated load applications: 
@ — Omax = 3220 kg/cm’; 6 — Omax = 2420 kg/cm’; 
¢ — Omax = 1610 kg/cm’; d— Omax = 805 kg/cm. 


that, after plastic deformation (beyond the yield 
point), the maximum value of Young’s modulus 

E4, is slightly less than the value of the modulus, 
determined for a material which has not yet been 
overstressed [1]. This reduction of the modulus, 
AE, is not great, and in our tests did not exceed 
3 per cent, but it took place in all the grades of 
steel tested. 

This fact cannot be explained simply by a reduct- 
ion of the interatomic bond forces. One possible 
explanation of this phenomenon is as follows. From 
the results of the investigation [4] if follows that 
the proportion of the cross-sectional area which 
at a given moment, is deformed “non-elastically”, 
can be determined, for the first loading, from the 
formula 


From the equation (5) we obtain 


(15) 


Substituting the value of the root in the equation 
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FIG. 7. Diagrams of variation of modulus E for specimens of steel 40: 
= 2.07 x 10° kg/cm’; II = 1.07 x 105 kg/cm’. 
1 — during loading without exceeding yield step; 


2 — during first loading; 


3 — during repeated loading. 


(14), we obtain finally 


(16) 


We have thus arrived at the interesting conclusion 
that, at any instant of loading, f, is numerically 
equal to the proportional reduction of the modulus 
of normal elasticity. It can readily be shown that 
the formula (16) remains valid also for subsequent 
load applications. 

Since, in our case, the decrease of the modulus 
is equal to AE, the equation 


(17) 


indicates that, after plastic deformation and at 
small stresses, there should be a rapid transition 
to non-elastic deformation (of the oraer of 3 per 
cent of the microsections). It is possible that a de- 
finite part is played here by a surface-weakened 
layer, since this is not reinforced with atoms on 
one side (from the surface), which facilitates non- 
elastic deformations in the layer (for example, dis- 
placements). The possibility that such a layer may 
exist has already been pointed out in the investi- 
gations of Davidenkov and Glikman. 


CONCLUSIONS 


1. It is shown that, when closed hysteresis 
loops are formed, the variation of the true value 
of Young’s modulus as a function of strain obeys 
strictly a linear law. 

2. Equations are derived and a physical explana- 
tion is given for the variation in the rate of reduc- 
tion of the true value of Young’s modulus during 
repeated load applications, as compared with the 
first loading. 

3. It is shown that the proportional reduction of 
the modulus £, compared with its maximum value 
for a given alloy, is numerically equal to the 
proportion of the microsections which are deformed 
non-elastically at the given moment. 

4. Results of an investigation lead to the con- 
clusions that, in axial extension of the specimen, 
about 3 per cent of its volume may be deformed 
non-elastically even at low stresses. 

5. A simple graphic method for determining the 
modulus of microplasticity Il has been developed, 
which is adequately accurate for practical purposes 
and provides a check on the experimental results. 


Translated internally 
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STRESS CONCENTRATION CONDITIONS * 
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(Received 15 April 1957) 


A number of papers have recently appeared on the 
analytical investigation of the stress and strain 
conditions in a cylindrical notched testpiece. The 
works of the Soviet research workers Uzhik [1], 
Grubin and Likhachev [2] are the best known in the 
field of research on the elasto-plastic stress con- 
dition at the minimum cross-section of a cylindrical 
tescpiece with an annular notch of hyperbolic pro- 
file. Uzhik, using the Neiber solution and the 
method of elastic solutions, investigated the stress 
condition in the elasto-plastic region, but, accord- 
ing to the accepted hypothesis, the solution he puts 
forward is only correct in the case where the plastic 
strains, which occur before fracture at and near the 
notch root, are small (only slightly different from 
the elastic), which is characteristic for brittle and 
low-ductility steels. 

Analysis of the strain and stress condition [2] is 
based on the laws of the theory of large plastic 
strains and allows the stress and strain condition 
at the minimum cross-section of a notched testpiece 
(for ductile steels) to be found right up to fracture. 
The authors of the above mentioned papers suggest- 
ed appropriate methods for determining the rupture 
strength of ductile metals, an by tensile testing 
notched testpieces at room temperature. Further 
experimental investigations on the tensile testing 
of notched ductile steel testpieces (particularly 
testpieces with sufficiently sharp notches) are of 
considerable interest. Such investigations would 
make it possible to study the strain condition at the 
notch root and in this way partially verify the theo- 
retical solution (the solution of Grubin and 
Likhachev). On the basis of these investigations 
and also of analytical calculations, the true nature 
of the fracture of ductile metals in stress concent- 
ration conditions may be established. 

In this article the results of measuring local 
plastic strains at the notch root, and also of the 


* Fiz. metal. metalloved., 7, No. 4, 595-606, 1959. 


analytical calculations of the stresses and strains 
in the plastically strained region of the minimum 
cross-section of the testpiece are presented. The 
nature of the fracture of ductile metals in stress 
concentration conditions is described as a function 
of the material and the notch parameters. 


EXPERIMENTAL TECHNIQUE 


Steel 20 and steel 45 in the normalized condition, 
steel 40KH and steel 45 after quenching and temp- 
ering (500°C) were used for the investigation. The 
chemical composition and the mechanical properties 
of these steels are given in Table 1. Here are shown 
the values of the true shear strength 7, and the 
limiting value of the true maximum shear stress o, 
during the extension of a smooth cylindrical test- 
piece. 

The testpieces of each material were heat treated 
in one batch. This eliminated the possibility of dif- 
ferences in treatment affecting the results of the 
experiment. A review of the microstructures and 
hardness measurements on the longitudinal sections 
showed that the steels under investigation had 
practically homogeneous properties at the minimum 
cross-section of the notch. The initial notch profiles 
should have been in the shape of a hyperbola [6]. 

The hyperbolic notch profiles were replaced by 
two straight lines and the arc of a circle, the radius 
of which is approximately the radius of curvature of 
the hyperbola, p [1]. The notches had been previous- 
ly turned on a lathe with an allowance of 0.8 — 1mm, 
and then heat treated. The final machining of the 
notches was done on a thread-grinding machine with 
a specially profiled grinding wheel. 

The parameters of the notch profiles on the test- 
pieces investigated are shown in Table 2. 

The testpieces were tested on an IMCH-30 
machine, which produces an automatically recorded 
curve. 

The stress-strain diagrams were enlarged 100 
times along the strain axis with the aid of a special 
device, which allowed a quite clear stress-strain 
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TABLE 1. Chemical composition and mechanical properties of the metals investigated 


Chemical composition , % Mechanical properties 
Steel : 3 y 
St. 20 
normalized 0.2110.28/0.53| 0.02 | 0.02 | — jo.o9! 31 | 46 | 64] 41.5] 1.52 
St. 45 
normalized 0.17/0.31/0.65] 0.02 | 0.026/0.0410.17} 41 | 69 | 50/53 | 1.06 
St. 45 
tempered at 500°C 0.470 31/0.65] 0.02 | 0.026)0.0410.17| 85 | 96.6 | 53 | 68.4 | 1.16 
St. 40KH 
tempered at 500°C |0.43}0.27)0.7 | 0.023] 95 | 107 | 50] 73 | 1.05 


TABLE 2. Parameters of the notches on the testpieces of steel 20 and steel 45 


Radius R (mm) 


Notch ak 
No. p* 
7.167 2.87 
2 1! .667 3.63 
3 16.667 4.25 
4 21.9 4.9 
5 33 6 


Normalized 
testpiece D**= 
=40,0 mm, d= | 1440.02 mm 
=20+0.02mm 
1.45 
0.88 0.69 
0.62 0.48 
0.47 0.37 
0.31 0.24 


d — testpiece diameter in the notch 


diagram to be obtained for the notched testpiece. 
The study of different stages in the strain and 
fracture of notched testpieces, particularly test- 
pieces with sharp notches, for which a/p > 15 (a/p 
is the notch sharpness), presents considerably dif- 
ficulties, the chief of which are as follows. 


* p — theoretical radius of hyperbolic; ** D — testpiece diameter, 


1. It is difficult to determine the moment at which 


the load attains a value corresponding to fracture, 
in view of the inevitable scatter of the results 
(considerable scatter in the values of the fracturing 
loads P,,4x) for individual testpieces. 

2. Plastic strains are localized in a small part 
of the total volume of the testpiece. This consider- 
ably complicates the study of local plastic strains 
at the notch root. In the first case the difficulty 


referred to can be avoided if the moment of unloading 


is determined from the value of the change in dia- 
meter of the minimum cross-section \d, which for 
every testpiece (with a given notch) remains pract- 
ically constant for an identical loading stage P/ 

P imax (up to fracture), in spite of the considerable 
divergence (5-6 per cent) in the values of Py,ax for 


individual testpieces. The value of \d was measur- 
ed throughout the loading with the aid of a special 


indicating instrument. The experimental methods 
used were as follows. 

(a) We first determined the mean value of the 
maximum load P,,, 4, by extending three testpieces 
with the notches under investigation. 

(b) We then extended three testpieces with the 
attached instrument, measuring at separate loading 
stages (P = (0.6 — 0.99 P,,,,)) the value of Ad. We 
removed the indicator measuring tips and extended 
the testpieces to fracture, determining the maximum 
load for each testpiece. The final value of P,,., 
was found as the arithmetic mean of six values. 

(c) We plotted the graph of the relationship 

Ad = f ( P ) 


max 


in the range 0.6 < P/(Pmax) ¢ 9.99, relating the 

loads P for different loading stages for a given 

testpiece to the Pmax value of the same testpiece. 
Using this graph the testpiece unloading moment 


Fracture of ductile metals 


True axial strain 


n- measuring base 


FIG. 1. Scheme for determining the true axial strain 
at the notch root. 


which was of interest to us could be very accurate- 
ly determined. For this purpose we determined from 
the graph of Ad = f (P/P,,,,) the value of Ad, 
corresponding to the loading stage selected. By 
loading the testpiece and observing the readings on 
the indicators, we unloaded the testpiece at that 
moment when the value of Ad, measured by the in- 
dicator, corresponded to the value of Ad previous- 
ly obtained from the graph. 

In order to study the distribution of local plastic 
strains, a method was used which allowed the 
value of the true axial strength /,; and the maximum 
true shear stress ga, at the notch root to be estim- 
ated to a sufficient degree of accuracy. Several 
points were drawn symmetrical to the axis of the 
notch (Fig. 1) on the notch surface in 6-8 sections, 
with a needle smeared with printer’s ink and mount- 
ed in a special holder on an instrument microscope. 
By measuring the distance n,, n,, n; between the 
points before and after strain, it was possible to 
determine the value of the true axial strain 12, (k 
is the strain in the contour at the notch root) at 
each measuring base. 


By plotting the curve of the change in the axial 
strain at the notch surface with relation to the 
measuring base (cf. Fig. 1) and extrapolating it to 
the ordinate axis (the ordinate axis coincides with 
the axis of the notch) we obtained the value of the 
true axial strain at the notch root. The maximum true 
shear stress in this case is given by 


(3) 


is the relative tangential strain at the notch root). 
The scatter of the axial strain values in the entire 
6-8 sections on each measuring base was not more 
than 2-3 per cent. 


EXPERIMENTAL RESULTS FOR THE 
MEASUREMENT OF PLASTIC STRAINS AT 
THE NOTCH ROOT; THE RESULTS OF 
ANALYTICAL CALCULATIONS 


The growth of plastic strains at a notch root may 
be estimated qualitatively from the change in the 
radius at the notch root, from the necking of the 
minimum cross-section (~ = 2 / 6) with increase of 
load, and also from the stress-strain diagrams of the 
notched testpieces. On stress-strain diagrams the 
rectilinear section corresponding to the elastic 
strain may usually be distinguished from the ascend- 
ing section corresponding in the main to the plastic 
strain, whilst the onset of noticeable plastic strains 
is determined by the deviation of the diagrams from 
the straight line law. The end of the diagram is de- 
termined by the process of fracture. 

Depending on the material and the notch para- 
meters the process of fracture terminates the stress- 
strain diagrams in different ways. For testpieces of 
steel 20 with any notches and for all materials in- 
vestigated using notch No. | the stress-strain dia- 
grams have a falling section. In this case fracture 
occurs under a load p, < Ppax. 

The stress-strain diagrams for testpieces of steel 
45, steel 40 (tempered) and steel 45 (normalized) 
with notches Nos. 2-5, terminate immediately after 
the load passes beyond P,,,,. The sharp deviation 
of the curve from the straight line law, the notice- 
able increase in necking of the minimum cross- 
section (cf. Figs. 3 and 4) and also the noticeable 
increase to be seen here in the radius of curvature 
at the notch root (the values of the change in the 
radii, which were measured on a projector with a 
magnification of 100 times, are not given here) 
testifies to the growth of plastic strains at the 
minimum cross-section long before fracture (under 
loads of 0.70 — 0.30 Pmex’ 

It follows from Figs. 3 and 4 that on transition to 
a sharper notch the necking of the minimum cross- 
section, which characterizes the average ductility 
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True axial strain 


at notch surface 
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FIG. 2. Distribution of the true axial strains at the surface of the notches 
investigated for different degrees of loading: 
a — notch No. 1; b — notch No. 2; 
c — notch No. 3; d — notch No. 4; 
e — notch No. 5. 
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FIG. 3. The change in the true maximum shear stress at the notch root 

with the increase in load; comparison of the axial elongation with 

the transverse necking of the minimum cross-section of the notch 

(normalized steel] 20), The numbers of the curves correspond to the 
notch numbers. 


value in the notch, is reduced. Thus, for example, the degree of necking of the minimum cross-section 
for notch No. 1 (steel 40KH) under a load of P = does not form a basis on which to estimate the 

0.98 Pmax, ¥ = 0.032, and for notch No. 5 under reduction in local plastic strains in testpieces with 
the same load y = 0,018. However, the reduction in sharp notches, and consequently the possibility of 
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FIG. 4. The change in the true maximum shear stress at the notch 

with an increase in load and a comparison of the axial elongation 

with the transverse necking of the minimum cross-section of the 

notch (steel 40KH, tempered at 500°C). The numbers of the curves 
correspond to the notch numbers. 


brittle fractures in these testpieces. 

The problem of the nature of fracture may be 
solved if the maximum local strains (at the place of 
localization) are known. 

Graphs may be seen in Fig. 2 (steel 20 and steel 
45 in the normalized condition), which characterize 
the change in the axial strain at the surface of 
notches Nos. 1 — 5 on different measuring bases 
for testpieces of steel 20 and steel 45 in the norm- 
alized condition. The nature of the distribution of 
the strains at the notch surface is analogous for the 
remainder of the materials investigated. It follows 
from Fig. 2 that 

(1) The axial strain /,; at the notch root is in- 
creased by increasing the notch sharpness (under 
equal relative loads). 

(2) The notch localizes strain, whilst the degree 
of localization is increased by increasing the notch 
sharpness. 

(3) Strain localization is increased for every notch 
by increasing the load. 

The degree of localization is characterized in our 
case by the gradient of the change in the size of the 
axial strain on reducing the measuring base. The 
graphs, shown in Figs. 3 and 4, characterize the 
change in the true axial strain at the notch root, the 
necking of the minimum cross-section and the maxi- 
mum shear stress at the notch root with relation to 
the load. From these graphs it follows that the 
degree of plastic strain, which can be estimated 
from the necking at the notch, is several times below 


the order of magnitude of the maximum local strain. 
And what is more, in spite of the reduction in the 
necking of the minimum cross-section on transition 
to sharper notches, the axial strain continues to 
remain the larger (under an identical relative load 
P/P pax) for the sharpest notches. 

The maximum shear stresses at the notch root are 
increased by increasing the notch sharpness in the 
same way as for the axial strains, whilst for sharp- 
er notches — under loads of 0.95 — 0.98 Pax, as 
follows from Figs. 3 and 4 — the maximum shear 
stress value attains values near to the limiting g, 
values observed during the fracture of a smooth 
cylindrical testpiece. 

Metallographic investigations on longitudinal 
sections, cut from the minimum cross-section of the 
notch, and also observation of the strained surface 
of the notch, showed that the initial macroscopic 
signs of fracture on the surface of the notch may 
only be observed for a value g,,,,, at the notch root, 
near to the limiting shear value g,, that is where 
there is no ductility in the material. Thus, for ex- 
ample, at the root of notch No. 3 (steel 40KH) under 
a load of P= 0.98 Puax, gmax= 0.6 and tmax = 
69 kg/mm’, there are still no signs of fracture 
(cracks) at the surface of the notch, whereas for 
notch No. 5 at gmax = 1.0 and tmax = 71 kg/cm? 
(the slight change in 7,4, for so large a change in 
&8max is explained by the small inclination of the 
curve to the axis of g,,,, a wide annular crack may 
be observed at the surface of the notch, which 
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FIG. 5. Diagrams of the true axial normal stresses, the true maximum 

tangential stresses and the true maximum shear stresses at the mini- 

mum cross-section of the notch (steel 40KH). The number of each 
curve corresponds to the notch number. 


propagates into the testpiece. 

Fractures from the surfaces of notches Nos. 3,4 
and 5 may be clearly seen on testpieces of steels 
with a low shearing strength and also on testpieces 
of materials with a high shearing strength o, (heat 
treated steel 40KH and steel 45) using the sharp 
notches Nos. 4 and 5. 

Metallographic investigations of the longitudinal 
sections showed also that the greater the shearing 
strength of a metal, the later (under larger relative 
loads) the cracks appear which grow from the sur- 
face of the notch, whilst for testpieces of steel 
45 and steel 40KH with notches Nos. 2 and 3, 
cracks may not be seen on longitudinal sections 
and at the surface of the notch up to fracture. These 
observations were made by Beliaev [3] when invest- 
igating testpieces of low-temperature tempered 
steel 30KHGSA (tempered at 200°C, o, = 150 kg/ 
mm?) and low-ductility steels SHKH15 (tempered 
at 150°C) and U8A (tempered at 300°C). 

The dimensions of the testpieces investigated 
in [3] are the same as those of our testpiece with 
notch No. 3 (ap = 16.667). 

The absence of signs of fracture from the notch 
surface in the above cases may be explained by the 
fact that at the moment of fracture the plastic 
strains g,,4, at the notch root and near it are small 
in comparison with the limiting value of the maxi- 
mum shear stress g,. 

It may be seen from Fig. 4 that for testpieces of 
steel 40KH (analogous also for heat-treated steel 
45) the magnitude of gma, at the root of notch 


No. 2 or 3 at the moment preceding fracture, P = 
0.98 — 0.99 P..,,), is fully 50-70 per cent of the 
limiting value g,. The same picture may also be 
observed in the paper referred to above [3]. 

In Fig. 5 diagrams may be seen of the axial norm- 
al stress o, and tangential stress 74x, and also 
diagrams of the maximum shear stresses g,,,, in the 
plastic region for testpieces with notches No. 1 
(steel 40KH) under loads near to the fracturing 
loads (P = 0.98 Pax). Calculations were made in 
accordance with the analytical solution of Grubin 
and Likhachev. The diagrams shown are analogous 
in form for all the other materials. 

The diagrams shown indicate the following: 

(a) The axial stresses 0, attain a maximum value 
within the plastic region, and are increased by in- 
creasing the notch sharpness, being displaced to 
the notch root. 

(b) The tangential stresses 7,4, also grow in the 
plastic region on transition to sharper notches, 
attaining a maximum value at the notch surface. 

(c) The dimensions of the plastic regions are 
considerably reduced on transition to sharper 
notches, whilst the degree of plastic strain in the 
plastic region and at the notch surface is increased 
by increasing the notch sharpness. 

The accuracy of the analysis of the strained con- 
dition may be estimated by comparing the values of 
the axial strains at the notch root, obtained analy- 
tically, with the value of the strain, obtained experi- 
mentally, for corresponding notches. The diversity 
in the strain values does not exceed 5-6 per cent. 
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From this it can be concluded that the analytical 
solution describes the strained condition in a notch 
to a sufficient degree of accuracy. 

The accuracy of the analysis of the stressed con- 
dition may be determined by comparing the radii of 
curvature at the notch root ol and the radii, calcul- 
ated analytically p!I. The magnitude of p! (cf. [2], 
p. 523) may be determined from purely geometric 
considerations if the strained condition in the notch 
is known. The accuracy of determination of the 
value of p! depends on the accuracy of determination 
of the components of strain €,4, «9,, where €g, is 
the relative tangential strain at the notch root and 
€,4 is the relative radial strain at the notch root. 

The magnitude of p! may be determined in this 
case if the stress condition in the notch is known 
(cf. [2], p. 523). The accuracy of the determination 
of p!l depends on the one hand on the accuracy of 
the determination of /,;, 1,, and, on the other hand, 
on the accuracy of the determination of the stress 
component 

As the strain characteristics may be determined 
quite accurately, diversity in the values of p! and 
po! must result in the main from inaccuracy in the 
determination of r,,,. The comparatively small 
divergence in the values of p! and pli (8-12 per 
cent) for all notches allows the conclusion to be 
drawn that the analytical solution to a first approxi- 
mation describes the stress and strain condition in 
the notch tc a sufficient degree of accuracy. 


DISCUSSION OF THE RESULTS 


A feature of the process of strain in notched test- 
pieces of ductile metals, as observed in the experi- 
mental investigations and analytical calculations, 
is that the fracture of the testpieces is preceded 
by considerable local plastic strains which are 
localized at the root of the notch. 

The second feature is that the local plastic 
strains in the notch (under equal relative loads) 
increase on transition to sharper notches with a 
reduction in the magnitude of the mean ductility (the 
necking of the minimum cross-section of the notch). 
The development of large plastic strains in the 
plastically strained region of minimum cross-section 
of the notch is explained, apparently, by the pene- 
tration of plastic strains to the axis of the test- 
piece, above and below the minimum cross-section, 
with the formation of a closed plastic region with an 
elastically strained nucleus inside. 

The formation of the region (the plastic “hinge”) 
moderates the deformed stress and strain condition 
in the notch, which promotes the growth of plastic 


strains both in the minimum cross-section of the 
notch, and in the entire strained volume. 

A suggestion as to the presence of this region in 
a cylindrical testpiece was first expressed in paper 
[4]. We noted that a similar state of affairs was 
observed by Pashkov [5] for a plane notched test- 
piece. As the calculations for our notches showed, 
the load corresponding to the beginning of the form- 
ation of the ductile region (this load was calculated 
from the Neiber elastic solution [6]), coincides 
closely with the experimental value for the load, 
under which may be observed a sharp deviation in 
the curve from the straight line law, an increase in 
the necking of the minimum cross-section (cf. Figs. 
3 and 4) and a noticeable increase in the maximum 
shear stresses at the root of the notch. In other 
words, a noticeable increase of plastic strains in a 
notch may only be observed after the formation of a 
closed plastic region. 

On transition to the sharper notches the dimens- 
ions of the plastic region are sharply reduced, which 
in the presence of the plastic hinge leads to a con- 
siderable increase in the degree of plastic strain 
in this region. 

Thus, the question posed by us concerning the 
increase in the maximum shear stresses at the 
notch root on increasing the notch sharpness is 
apparently explained. 

We submit, also, that in our opinion the strain 
and fracture are generated in the notch. 

In investigating the nature of the fracture of 
notched testpieces three stages of plastic strain 
may be distinguished and, depending on the material 
and the parameters of the notch, fracture can occur 
at any one of the three stages. The different stages 
of strain (the growth of plastic strain in the notch) 
are represented schematically in Fig. 6. The first 
stage of strain (Fig. 6 I) is characterized by the 
small amount of plastic strain in the notch. In this 
case the plastic regions have not yet succeeded in 
penetrating to the axis of the testpiece (below and 
above the minimum cross-section). Fracture of the 
testpieces at the first stage of strain takes place 
for a small shear stress value at the notch root and 
begins after the maximum axial stresses 
pass the value of the rupture strength. The stress- 
strain diagram (curve 3) in this case is terminated 
immediately after the deviation from the linear 
section OA. 

The second stage of plastic strain begins with 
the formation of a closed plastic region (Fig. 61) 
which is characterized by the continued growth of 
&max and fmax on the sections lying along the lines 
running from the notch root to the centre of the 
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FIG. 6. Scheme of the growth of plastic strains in the notch with an 
increase of load P for different materials and notches: 
I, II, II] — stages of strain. 


cross-section, and also by the increase of the 

axial stresses in the elastic and plastic regions. 

Two types of strain are possible at this stage. 
(1) tmax» &max and(o),,,, will continue to in- 


crease, until the growing value of Ws)... reaches 


the magnitude of the rupture strength (Sg;) before 
the value of gnax at the root of the notch reaches 
its limiting value. At this moment the fracture 


begins as a ductile tear. This type of fracture was 
observed for notched testpieces of steels with a 
sufficiently high shearing strength os (heat-treated 
steel 45 and steel 40KH), not for all notches, but 
only for notches of medium sharpness (notches 
Nos. 2 and 3). In this case at the moment preceding 
fracture, the maximum shear stress value at the 
root of the notch is considerably less than the 
value of g,. 

The testpieces in the paper by Beliaev must have 
fractured by a similar method. 

(2) The increasing maximum shear stress at the 
root of the notch reaches limiting shear stress 
value gr sooner than (0, ) attains the value of 
rupture strength (S,,;). Fracture in this case begins 
from the surface of the notch after the ductility in 
the material has been exhausted. This form of 
fracture (for all the testpieces investigated apart 
from the very blunt notch No. 1) is characteristic 
for testpieces of steels which have a low shearing 
strength (steel 20 and steel 45 in the normalized 
condition), and also for testpieces of heat-treated 
steel 45 and steel 40KH with sharp notches Nos. 4 
and 5. 

Stress-strain diagrams (curve 2, Fig. 6), corres- 
ponding to the second stage of strain, terminate 
immediately after reaching the maximum loading 


value. 

Notched testpieces with blunt notches (notch 
No. 1) fracture at the third stage of strain (Fig. 6 
III). The stress-strain diagrams for the notched 
testpieces in this case have a considerable falling 
branch BC. 

Plastic strains with an increase in load occur at 
all minimum cross-sections in testpieces of steel 
20 and steel 45, as follows from the analytical 
calculations. The falling section of the stress-strain 
diagram in the case given, in the same way as for 
the neck of a smooth cylindrical testpiece, character- 
izes the loss in carrying capacity of the total mini- 
mum cross-section in the notch. 

Analytical calculations, made for testpieces of 
heat-treated steel 45 and steel 40KH with notch 
No. 1 and for testpieces of steel 20 with notches 
Nos. 2 — 5, the curves of which also have a falling 
section, showed that plastic strains in the cases 
under consideration occur only in the area of mini- 
mum cross-section. Consequently, the nature of the 
course of plastic strains in the notch differs from 
that cited above. The presence of the falling section 
on the stress-strain diagram in the case given can 
be explained by the following considerations. 

The diagrams for the distribution of the maximum 
shear stresses in the plastic region of the minimum 
cross-section of notch No. 1 (for testpieces of steel 
40KH under a load of P = 0.98 P,,,,) may be seen 
in Fig. 7. The diagrams for the distribution of the 
axial stresses 0’, for a given X, is determined from 
the relationship o, = L. o,, where L is a numerical 
coefficient, determined as in [6]. In the case of an 
increase in strain, the plastic regions advance along 
the minimum cross-section of the notch to the axis 
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FIG. 7. Distribution of the maximum shear stresses in the plastic region 
of the minimum cross-section for notch No. 1 (steel 40KH) and the 
change in the value of the axial stress in the elastic region with relation 
to the position of the boundary between the zones of Xo. 
Curves 1 — 5 correspond to the numbers of the notches. 


of the testpiece, and the strains grow in the elastic 
region, which leads to an increase in the axial 
stresses and a further increase in load. At the 
moment when the boundary between the elastic and 
the plastic regions takes up the position Xo, (which 
corresponds to a load of P = P,,,,), the axial stres- 
ses in the elastic region cease to grow (the graph 
proceeds parallel to the horizontal axis). At the 
same time the load P,) ceases to grow. At this 
moment the plastic strains in the major part of the 
cross-section F, reach values of go > gsh (gs, — 
the maximum shear stress value, corresponding to 
the moment o1 the formation of the neck on a smooth 
cylindrica] testpiece), and consequently the stabi- 
lity of the plastic flow is lost in this part of the 
strained cross-section. Further strain and fracture 
take place with a falling load, which is represented 
on the stress-strain diagram by the falling branch 
BC. 

The loss in the carrying capacity of the testpiece 
in this case takes place when an elastically strained 
nucleus is present in the minimum cross-section. 
The maximum shear stress at the notch root under a 
load P,4x for this notch is considerably less than 
the limiting value g,, as fracture occurs beyond the 
maximum point of the stress-strain diagram. 

The final fracture of testpieces with notches Nos. 
3, 4 and 5 (normalized steel 20) also takes place at 
the third stage. 

It was pointed out earlier that the initial symptoms 
of fracture (cracks on the notch surface) of these 


testpieces had already been observed under loads 
of 0.96 — 0.97 Pmax, that is, at the second stage 
of fracture. The crack which is formed apparently 
alters the stress and strain condition in the notch, 
owing to the fact that the boundaries of the plastic 
region (after the formation of the crack) advance 
along the minimum cross-section (Fig. 7) during 
loading to a value of Xo,, (the indices 2-5 corres- 
pond to the numbers of the notches). In this posi- 
tion of the boundary between the zones in the mini- 
mum cross-section of the testpiece, the subsequent 
process of strain proceeds analogously to the one 
described above, that is the presence of a falling 
branch on the stress-strain diagrams in this case 
characterizes the loss in the carrying capacity of 
the testpiece in the minimum cross-section when an 
elastically strained nucleus is present. 

In the analytical solution, [2], the rupture strength 
of a metal is given by the hypothesis that the onset 
of fracture is connected with the effect of the maxi- 
mum axial stress. The magnitude of the axial stress 
is taken, in the first approximation, as equal to the 
rupture strength (So;) after a certain plastic strain. 


CONCLUSIONS 


I. For materials with a low shearing strength and 
a high rupture strength (steel 20 and steel 45) it is 
not possible to determine the value of the rupture 
strength for any change in the parameters of the 
notch, as the fracture of testpieces with blunt 
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FIG. 8. The change in the rupture strength of steels with relation 
to the value of plastic strain preceding rupture. 


notches takes place after the plastic strains have 
spread across the entiré minimum cross-section of 
the notch, whilst the fracture of testpieces with 
sharper notches begins from the surface of the notch, 
where the value of the maximum shear stress reaches 
the limiting values. 

II. The rupture strength can be determined for 
metals with high shearing strength (in our case the 
heat-treated steels 40KH and 45) on testpieces, 
having notches of medium sharpness (notches Nos. 

2 and 3). The maximum shear stress at the notch 
root of these testpieces at the moment of fracture, 
even if it reaches very large values, is always less 
than the limiting value. lf the magnitude of the maxi- 
mum shear stress at the root of the notch reaches 
values near the limiting values, then the magnitude 
of the rupture strength, calculated for these test- 
pieces, may be considered as the lower limit of the 
rupture strength. 

If the problem is interpreted in this way, the 
rupture strength (its lower limit) may be determined 
for all the steels investigated by us. 

The graphs of the change in the rupture strength 
(So;) of cold-worked steel as a function of the mag- 
nitude of the plastic strain are plotted by the known 
method [2]. This graph may be seen in Fig. 8. Along 
the vertical axis (for each notch) are plotted the 
greatest values of the axial stress in the cross- 
section z = 0, and along the horizontal axis the 
value of the maximum shear stress gyax =o (cf. 


Fig. 5), calculated for the point at which (0,) = 


(0z)max under the same load. The graph of So; = 
f (gmax) is plotted from the points corresponding to 
the testpieces with notches No. 2 — 5. 

It may be seen from the graph that the value of 
the rupture strength does not extend beyond the 
limits of a narrow band. This, obviously, should 
also be the case in the left-hand part of the graph, 
where So; falls with a reduction in the plastic 
strain. If the band is extrapolated to the vertical 
axis, the ordinate of the point A (we have in mind 
the ordinates of the intersection of the centre line 
of the band with the vertical axis) determines, to a 
first approximation, the magnitude of the rupture 
strength A, of a non-work-hardened metal. 


Translated by Bishop 
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INVESTIGATION OF THE RELATIONSHIP BETWEEN EMBRITTLING FACTORS AND 


MICRO-HETEROGENEITY IN THE PLASTIC DEFORMATION OF STEEL * 
B.B. CHECHULIN 
(Received 25 April 1957) 


Many researches have been devoted to the study 
of brittleness in metals. The efforts of the resear- 
chers have mainly been directed towards studying 
the effects of the basic embrittling factors, namely 
temperature, strain rate, specimen shape and size, 
internal defects and the structure of the metal. How- 
ever, as yet no exhaustive answer has been obtain- 
ed to the problem of the physical nature and essence 
of the transition of metals from the ductile state to 
the brittle, nor have the basic intrinsic causes of 
the phenomenon been defined. 

One of the popular concepts, advanced by 
Pashkov [1], consists in associating the transition 
from ductile to brittle failure with heterogeneity of 
the strain condition in microscopic volumes of the 
strained metal, and consequently with the dissimilar 
stress levels in individual grains. This explanation 
enjoys many indirect confirmations, but has never 
been checked directly. 

In a previous paper [2], a technique was proposed 
for studying the micro-heterogeneity of flow in 
polycrystalline metals, by a statistical analysis 
of the changes in the distribution curves for the 
departure from equi-axiality of the grains during 
plastic deformation. The present investigation was 
undertaken in order to strengthen the physical basis 
of the proposed method and to apply it to a study of 
the effects of certain embrittling factors, namely 
temperature reduction, increased strain rate and 
change in grain size, on the micro-heterogeneity of 
the strain condition in the steel. 


MATERIAL AND EXPERIMENTAL TECHNIQUE 


Two grades of low-carbon steel, containing 0.01 
and 0.05 per cent C respectively, and grade 
1KHI8NQ9T stainless steel, were taken for investi- 
gation. The carbon steels were examined in the 
normalized condition, and the stainless steeel was 
quenched to produce a purely austenitic structure. 
Various grain sizes were produced in the 0.05 per 
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cent C steel by first cold-rolling the plates to dif- 
ferent reductions and then recrystallizing. After 
cold-working and recrystallization, a mean grain 
size of 20 » was obtained in one of the plates, and 
of 43 in the other. Standard Gagarin tensile test- 
pieces with a gauge length diameter of 5 mm were 
machined from the plates; after testing at room tem- 
perature and — 70°C, they were examined for inter- 
granular micro-heterogeneity. 

In addition, micro-heterogeneity examinations 
were carried out on cylindrical testpieces of sizes 
12.7 x 30 and 12.7 x 12 mm, tested in compression 
at various strain rates and temperatures. The static 
tests were carried out at liquid nitrogen temperature 
and room temperature on a “Baldwin” 100 ton testing 
machine with a table speed of 50 mm/min. The 
dynamic compression tests were carried out on a 
special rig, by impact of the test cylinder on a 
rigid flat anvil. The velocity of the testpiece at the 
instant of impact was 300-310 m/sec. Thus, the 
static tests were carried out at a strain rate of 0.1 
sec” (sic). After testing, both the tensile test- 
pieces and those for compression testing were cut 
along the axis into two sections, so that the finish- 
ed microsections would lie along the testpiece axis. 
Photographs of testpieces after testing and prepar- 
ation for the micro-heterogeneity investigation are 
shown in Fig. 1. 

The micro-heterogeneity investigation was carried 
out by two methods: 

(1) by measuring the departure from equi-axiality 
of 200 grains (an area on the section of 0.1 to 0.5 
mm?), and computing from the formulae derived 
previously [2] the mean local strain ¢,, and the 
scatter of the true strains 0,;; 

(2) by measuring the microhardness every 0.05 
mm or in every grain in the area already examined 
by the first method, the readings obtained (number- 
ing 180 — 210) being treated statistically to find the 
mean local hardness and the scatter (mean square 
deviation) of the hardness readings in the given 
area. In order to compare the two methods, curves 
were plotted of the relationship between microhard- 


ness and strain under different deformation conditions. 
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FIG. 2. Relationship between microhardness and true 


FIG. 1. Photographs of sections prepared after testing 
strain in low-carbon steel. 


the testpieces: 
1 — Armco iron; 
2 — austenite. 


TABLE 1. Results of microhardness measurements on the ferrite grains in St. 3, 
strained by rolling to different reductions 


Data on micro-heterogeneity 


piece 


9 
equi-axiality of the grains| 2 
| © | 6m — % EE 

gs. SES § 


158.8 10.7 3.2 7.5 0.0 0.0 0.046 0.0 

165.5 12.9 3.6 9.3 1.8 0.009 0.106 0.010 
227 .4 22.8 6.1 16.7 9.2 0.069 0.279 0.052 
230.2 23.6 6.2 17.4 9.9 0.089 0.460 0.085 
234.0 23.2 6.5 16.7 9.2 0,092 0.547 0.095 


out this part of the work by two methods. First a 
determination was made of the micro-heterogeneity 
of the strain condition by measurements of the 
microhardness of every ferrite grain in sections 
already examined by measuring the departure from 
equi-axiality of the grains in the structure [2]. The 
mean hardness //,, and the deviation of the readings 
Om were computed from the formulae: 


One such curve, for the impact compression of low- 
carbon (0.05 per cent) steel, is given in Fig. 2. 


MAIN RESULTS AND THEIR DISCUSSION 


(a) Comparison of the values for micro-heteroge- 
neity, obtained by various methods. The difficulty 
of investigating micro-heterogeneity from the quan- 
titative aspect is that the various methods for 
estimating it are quite undeveloped and it is there- ae ree 
fore impossible to make any check of the results se I aie 
It was for precisely this reason that it i, = p> om = (H,—H,,)* my 
was decided, in the present investigation, to carry 
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FIG. 3. Relationship between mean square error in 
hardness units and impression diameter, 
according to data from [3, 4). 


where n is the total number of readings and m; 
the number of microhardness readings of the value 
H;. 

The mean hardness //,, served to characterize the 
degree of strain in the test section of the testpiece, 
and the deviation v,, characterized the strain hetero- 
geneity as between the individual grains. However, 
in order to evaluate the micro-heterogeneity more 
accurately it must be borne in mind that the devia- 
tion as computed, o,,, reflects not only the hetero- 
geneity of plastic strain but also the error in the 
microhardness readings, which itself depends mainly 
on the diameter of the impression (and thus on the 
hardness value). Thus Khrushchov and Berkovich 
[3] consider that the possible deviations in micro- 
hardness measurements may average + 20 per cent 
for an impression of 5 py, + 10 per cent for an impres- 
sion diameter of 10 » and + 5 per cent for an impres- 
sion diameter of 20 yp. 

If these data are converted to mean square errors, 
their relationship to impression diameter can be 
plotted as a curve (Fig. 3). The individual points 
here represent actual data taken from the paper by 
Egorov [4], which excellently confirm the suggested 
relationship of error in microhardness readings to 
impression diameter [3]. 

Assuming that the computed deviation of micro- 
hardness in individual grains, o,,, is the sum of the 
mean square error and the strain heterogeneity in the 
separate grains, a calculation can be made of the 
increase in scatter, \o, which must be a function 
of micro-heterogeneity alone (Table 1). 

From the curves of hardness against strain, the 
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FIG. 4. Variation in scatter of grain deformation as a 
function of mean strain, for steel (0.05% C) with 
different grain sizes (tested in tension): 

o — data for steel of grain size 43 p; 

+ — data for steel of grain size 20 py; 

— strained at room temperature; 

—-—-—-— -—strained at a temperature of — 70°C. 


scatter in hardness units can be converted to true ey 
strain. Comparison of these results with those 198 


obtained earlier on the departure from equi-axiality 
of the grains [2] indicates excellent agreement 
between the results of investigations of intergranu- 
lar heterogeneity by the two methods. 

In the further investigation of the effects of 
embrittling factors on the micro-heterogeneity of the 
strain condition, the various investigations were 
carried out by both these methods. The results 
obtained (see Table 3) showed excellent agreement 
between the calculated heterogeneities, despite the 
fact that the microhardness readings were taken not 
in the centres of the individual grains but at inter- 
vals of 0.05 mm, irrespective of the grain bound- 
aries. There is reason to suppose that both methods 
have a definite physical basis. 

(b) The effect of grain size on the strain hetero- 
geneity as between the individual grains. One of 
the most important structural factors determining 
the transition of polycrystalline metal to the brittle 
state is the grain size. Numerous investigations 
have very clearly shown that coarse-grained metals 
more readily go over to the brittle state than fine- 
grained metals. It was of interest to evaluate the 
effect of grain size on micro-heterogeneity. To 
exclude any possible effect on micro-heterogeneity 
of different grain boundary strengths, the variations 
in grain size in the low-carbon (0.05 per cent) steel 
selected were brought about not by overheating, as 
is usually the case, but by recrystallizing material 
previously cold-worked to different extents. The 
micro-heterogeneity was determined by measuring 
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TABLE 2. Results of microhardness measurements on austenitic testpieces, 
plastically deformed at different rates 


Mean square error 
of readings 
Oo (kg/mm?) 


Mean hardness of Scatter of 
Mean true strain 200 readings readings 


€ (%) Hm, (kg/mm?) On 


Difference 
— oo 


Strain rate 0.1 //sec (static) 


266.0 12.1 
424.0 19.6 
431.4 19.9 
446.9 22.6 


Strain rate 10* //sec (dynamic) : Vid = 300 m/sec 


12.1 
21.4 
25.0 
26.9 


TABLE 3. Results of microhardness measurements on Armco iron testpieces, 
plastically deformed at different rates 


Increase of scatter 
from measurements 
of departure from 


Difference 


3 


g 


Increase of scetter 
Increase of scatter 
converted to true 

equi-axiality of the 


compared with 


Mean square error 


undeformed metal, 


Mean hardness of 


200 readings 
H,, (kg/mm7) 
of readings 
Do (kg/mm?) 


train rate 0.1 //sec (static) 


163.7 0.000 
.2 = 0.029 


219.0 0.031 
232.9 0.054 


Strain rate 10‘ //sec (d Vd = 300 m/sec 

0.000 
0.012 
0.021 
0.036 


163.7 
186.3 
205.9 
228,3 


(c) The effect of strain rate on the micro-hetero- 
geneity of plastic deformation. The study of micro- 
heterogeneity of the strain condition at various 
strain rates was carried out in compression on three 
steels: two low-carbon (0.01 and 0.05 per cent C) 
and an austenitic steel, grade IKH18N9T. The 


austenitic steel was investigated in order to com- 


the departure of the grains from equi-axiality. The 
results obtained are plotted graphically in Fig. 4. 
This graph shows a marked difference in strain 
heterogeneity between coarse and fine-grained steel. 
At the mean strains investigated, the coarse-grained 
steel exhibits more strain heterogeneity as between 
individual grains than does the fine-grained steel. 


Similar tests on steel with various grain sizes, at 
low temperatures, confirmed these results. 


pare the effect of the embrittling factor on micro- 
heterogeneity as between a steel susceptible to 
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0.573 20.5 2.1 
0.00 266.0 8.0 4.1 
0.14 340.6 16.0 5.4 
0.33 390.7 18.0 710 
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FIG. 5. Variation in scatter of grain deformation as a 

function of mean strain, for 0.01 and 0.05 per cent C 

steels in static and dynamic compression testing: 
o—o Static; x —x dynamic testing. 


brittle failure and one not susceptible. In this case 
both methods of investigation were used, i.e. mea- 
surement of the departure of the grains from equi- 
axiality and microhardness determination. The 
results obtained are given in Tables 2 and 3 and 
in Fig. 5. 

On considering the results obtained, it can be 
seen that a very marked change in the strain rate 
(by a factor of 105) had a very insignificant effect 
on the non-uniformity of strain in the austenitic 
steel, and no effect whatever (within the limits 
of experimental error) on the low-carbon steel. Some 
increase in the micro-heterogeneity of the strain 
condition with increasing strain rate took place in 
the steel not susceptible to brittle failure, i.e. in 
the steel with a fully austenitic structure. It can 
thus be considered that a change in strain rate is 
but slightly reflected in the intergranular non- 
uniformity of plastic strain. 

(d) The effect of temperature on the micro-hetero- 
geneity of plastic deformation. The most powerful 
factor which can bring about the transition to the 
brittle state in metals is the temperature. The 
micro-heterogeneity investigation was carried out 
on testpieces of low-carbon steel deformed at room 
temperature and at — 70 and — 196°C (grade 1KH18 
NOT steel undergoes austenite break-down at low 
temperatures, which could greatly hinder analysis 
of the results obtained). 

The results of the investigation of micro-hetero- 
geneity of the strain condition in low-carbon steel 
testpieces with different grain sizes, tested in 
tension at — 70°C and room temperature, are shown 
in Fig. 4. The micro-heterogeneity of the strain 
condition in compression tests in air (room temper- 
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FIG. 6. Variation in scatter of grain deformation as a 
function of mean strain, for 0.05 per cent C steel test- 
ed in compression: 

1 — tested in air (+18°C); 
2 — tested in liquid nitrogen (—196°C). 


ature) and liquid nitrogen is plotted in Fig. 5. On 
examining the results obtained, it can be seen 

that the considerable reduction in straining temper- 
ature for both tensile and compression testpieces 
has had little effect on the relationship between 
the micro-heterogeneity of the strain condition and 
the degree of strain. One can only see a slight 
reduction in the rate of increase of non-uniformity 
in the strain condition (non-uniformity of the flow 
process) in the high strain range. 

The results obtained give grounds for concluding 
that the external embrittling factors studied, namely 
increasing strain rate and reduced testing temper- 
ature, have an insignificant effect on the micro- 
heterogeneity of the strain condition in the steel. 

a considerably greater influence on the micro- 
heterogeneity of plastic strain is exerted by the 
initial structure of metals, in particular by the 
grain size. The ideas set out in this paper on the 
effect of embrittling factors on the micro-heteroge- 
neity of the plastic strain are confirmed by much 
factual material. It is sufficient to state that in the 
micro-heterogeneity determinations there were car- 
ried out more than 5000 microhardness measurements 
and more than 10,000measurements of the departure 
of the grains from equi-axiality. However, the rela- 
tionship studied essentially refer only to non- 
uniformity from grain to grain. 

The technique adopted can thus not reveal the 
detailed mechanism of strain micro-heterogeneity in 
the early stages of flow at small overall strains, 
when dangerous brittle failures occur. It would be 
interesting to check the relationships obtained at 
very small strains, and to study submicro-hetero- 
geneity by measuring the strain in volumes of the 
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2. The grain size has a marked influence on non- 
uniformity of the strain from grain to grain; as the 
grain size increases, so does the micro-heteroge- 
neity of plastic deformation. 

3. Increasing the strain rate and lowering the 
strain temperature have little effect on the degree 
of micro-heterogeneity of plastic strain, within the 
limits of non-uniformity of the individual grains. 


metal less than the grain size (e.g. strain along 
slip planes, between mosaic blocks, etc). 


CONCLUSIONS 


1. Two methods have been compared for measur- 
ing the micro-heterogeneity of plastic strain in. 
polycrystalline metals. Comparison of the results 
obtained by the two methods showed good aggree- 
ment, indicating that there is a physical basis for 
methods. 


Translated by E. Bishop 
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STUDY OF THE TEXTURE OF TRANSFORMER STEEL BY THE OPTICAL METHOD * 
K.V. GRIGOROV and P.D. IZBRANOV 
Sverdlovsk State Pedagogic Institute 
(Received 24 February 1958) 


Recently extensive use has been made of cold- 
rolled transformer steel with a pronounced texture 
of a definite type. Considerable interest therefore 
attaches to the study of the laws governing the de- 
velopment of texture in this steel on rolling and 
recrystallizing. Barrett, Ansel and Mehl [1] used 
the X-ray method to study the recrystallization 
texture (after cold-rolling) in transformer steels 
containing 2.07 and 4.61 per cent silicon, in the 
reduction range from 60 to 95 per cent. These 
authors concluded that the type of recrystallization 
texture under these conditions is independent of 
the total degree of deformation. According to their 
results, the recrystallization texture is basically 
characterized by two preferred orientations: 

(1) With the type { 100$ plane parallel to the roll- 
ing plane, and a direction of the type <O11> at an 
angle of approximately 17° to the rolling direction 
(RD). 

(2) With the type {112} plane parallel to the roll- 
ing plane, and a direction of the type <011> at an 
angle of 17° to RD. 

These orientations can be denoted in the follow- 
ing manner: 


{100}; 
(112); 


(110) ~ 17° to RD; 
(011 > ~17° to RD; 


a third preferred orientation is also observed, but 
is less pronounced, namely: 


However, Bozorth [2] and Burwell [3], from 
studies of the X -ray recrystallization texture of 
transformer steel, produced by the Goss process, 
came to the conclusion that it can be characterized 
by a preferred orientation of the type 
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(110}; (001). 


Sixtus [4] and Iakovleva [5] studied the recrystal- 
lization texture in the same material by the optical 
method. According to Sixtus’data, the texture is 
characterized by the superimposition of two pre- 
ferred orientations: 


1) {100}; “00: >, 
2) {110}; < 001). 


The results obtained by Iakovleva agree with 
those of Bozorth. In the papers quoted, with the 
exception of the first the recrystallization texture 
was only studied at one value of reduction. The 
texture has been studied over a wide range of re- 
ductions, by the magnetic method, based on the 
magnitude of the normal component of magnetization 
(él. 

In [6], a study was made of a steel containing 3 
per cent silicon (transformer steel). The maximum 
reduction in thickness in rolling was do/d = 150 
(dy is the initial and d the final thickness of the 
rolled strip). It was found that the nature of the 
magnetic anisotropy varied with increasing reduc- 
tion in rolling prior to recrystallization. This is 
evidence of the variation in the nature of the tex- 
ture causing the magnetic anisotropy. In [6], the 
recrystallization texture after comparatively small 
reductions (d,/d less than 10) was called the first- 
order recrystallization texture. The texture after 
large reductions d/d more than 10 was called the 
second-order recrystallization texture. In [6] the 
first-order texture was considered to be the result 
of superimposition of preferred orientations of the 


types: 


1) {100}, <001>, 
2) {110}, O01). 


The second-order recrystallization texture was 


Transformer steel 


TABLE 1. Characteristics of therspecimens 


Specimen dod 
No. 


2,36 
3,91 
4,34 
10,20 
10,20 
35 ,00 


considered to be close in character to the worked 
texture: 


1) {001}, < 110) ~ 17°.to RD, 
2) {112}, < 110) ~ 17° to RD, 


The authors of [6] held that the full recrystalliza- 
tion texture is a result of the superimposition of the 
first-and second-order textures. At small reductions 
the first-order texture predominates, and at large 
reductions the second order. 

As the reduction prior to annealing is increased, 
the first gradually goes over to the second. The 
magnetometric method of determining texture is an 
indirect method. It was of interest to use a direct 
method for the same purpose. It was important in 
particular to check the conclusions reached in [6] 
regarding the character to the texture. The aim of 
the present paper was to study by the optical method 
the recrystallization texture of transformer steel 
containing 3 per cent silicon. 


EXPERIMENTAL TECHNIQUE AND SPECIMENS 


For the investigation specimens were taken, the 
textures of which had previously been determined 
by the magnetometric method [6]. Each specimen 
was in the form of a disk 30 mm diameter and about 
0.2 mm thick. Six specimens were investigated. The 
material had been subjected to the following treat- 
ment: 

(a) cold rolling to reduce the thickness by a 
factor of d,/d; 

(6) annealing for 30 min at 1000°C; 

(c) post-rolling (additional rolling to a reduction 
of 2.5 per cent of the degree of reduction 


(d) second annealing for 30 min at 1000°C. 

The additional rolling with a small reduction, 
followed by the annealing treatment, produced a 
coarse-grained material with an average grain size 
of about 2-3 mm. By special experiments it was 
established that the additional rolling and anneal- 
ing had practically no effect on the nature of the 
texture. There was merely a slight increase in the 
scatter of the orientation. 

The degree of reduction d,/d, the number of 
grains n, the orientation of which were determined 
and the total area S/S, of these grains as a percent- 
age of the total area S, of the specimens are given 
in Table 1. 

To reveal the cube faces, the specimens were 
etched electrolytically in a 15 per cent solution of 
Moor’s salt in water [5]. The grain orientations were 
determined using a twin-dial goniometer [7]. 

For the majority of the grains, three poles were 
determined, corresponding to three mutually perpen- 
dicular faces. For certain grains, only two poles 
were determined, the third being found by construct- 
ion. This was done in the cases where the third 
reflecting plane of the crystallite was almost per- 
pendicular to the plane of the specimen. To deter- 
mine the orientation of the various grains, it was 
necessary to re-set the specimen relative to the 
Table. In the goniometer used (in contrast to that 
used by Barrett [7]), this re-setting could be carried 
out in two mutually perpendicular directions by 
means of a special attachment. 

For a quantitative estimate of the degree of tex- 
turization, it was necessary to know the volume of 
the grains with the preferred orientation character- 
istic of the texture in question. The ratio between 
the total volume of such grains to the overall volume 
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FIG. 1. Cube face pole figure for 
specimen No. 1. 


of the entire specimen will thus characterize the 
degree of texturization of the given type. This can 
be converted from the volume ratio to the grain area 
ratio. 

The areas were measured by means of a plexi- 
glass grid eyepiece with a cell size of 0.5 mm. The 
value obtained is that of the projected area of the 
grain on a plane perpendicular to the line of sight. 
The actual grain area was then determined from the 
position of the specimen. 

The total error in the determination of crystallite 
orientation was + 4°. It comprised the error in set- 
ting the specimen in the initial position (+1 ), the 
error in determining the maximum intensity (+2.5°) 
and the error in plotting the poles on the Wulff 
gtid (+ 0.5°). 


RESULTS OF THE MEASUREMENTS 


The poles of the crystallographic planes reveal- 
ed by etching were plotted on a stereographic pro- 
jection. The projection plane coincided with the 
rolling plane. The rolling direction coincided with 
the meridian which on the Wulff grid degenerates 
to the NS great circle diameter. The poles of all the 
grains measured for each specimen were plotted on a 
single stereo-projection. For the vast majority of 
the grains the poles (for each individual grain) lay 
88-92° apart. It can thus be concluded that they are 
the poles of the cube faces. 

Fig. 1 shows the pole figure for specimen No. 1. 

In this specimen the orientation of some 252 grains 
was determined. Although the deformation in this 
case was small (d,/d = 2.36), the specimen shows 
a pronounced texture. It can be regarded as composed 


- 


FIG. 2. Angular grain distribution in specimen No. 1}. 
N — number of grains, for which the cube face makes 
an angle of between @ and a + 3° to the rolling plane. 


of two preferred relationships: 
1)t100§; < 001 >, 
2) $110$; < 001 >. 


The second orientation was more pronounced than 
the first. This can be seen from Fig. 2, which shows 
the angular distribution of the grain orientations. 
The ordinate axis shows the number of grains N, 
the cube face of which lies within the angular range 
a — a+ 3° from the rolling plane. The values of 
angle a are plotted on the horizontal axis. It can be 
seen from the graph that the majority of the cube 
faces are inclined at an angle of 42-45° to the roll- 
ing plane. There are grains in which the cube face 
is close to the rolling plane but their number is 
small. The grain sizes did not vary excessively, so 
that the results plotted roughly reflect the nature of 
the texture. 

The pole figure for specimen No. 2 is shown in 
Fig. 3. In this specimen the orientation of some 
164 grains was determined. The degree of deforma- 
tion in rolling corresponded in this case to a reduct- 
ion in thickness by a factor of 3.9 times. It can be 
seen from Fig. 3 that the nature of the preferred 
orientation in specimen No. 2 is roughly the same 
as in specimen No. 1. However, the texture in 
specimen No. 2 is more pronounced. Moreover, in 
specimen No, 2 the group of grains with the {100}; 
<001> orientation is much less dense than that with 


the 1110}; <001> 
orientation. 
The second group predominates over the first to 
@ greater extent than is the case in specimen No.1, 
This conclusion can also be reached from the 
data in Fig. 4. Here N, is the number of grains, for 
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FIG. 3. Cube face pole figure for specimen No. 2. 


which the angle between the cube face and the roll- 
ing plane lies in the range a — a + 3°; N, is the 
number of grains, for which the angle between the 
cube edge and the rolling direction lies in the 
range a — a+ 3°. The number N (VN, or N,) is plotted 
on the ordinate axis, and angle a on the horizontal. 

From these graphs it can be seen that in 50 per 
cent of the grains the cube edge makes an angle of 
between 0 and 9° to the rolling direction. In 80 per 
cent of the grains, the cube edge makes an angle of 
between 0 and 18° to the rolling direction. In 57 per 
cent of the grains, the cube face makes an angle of 
between 30 and 45° to the rolling plane, andin 78 
per cent the angle is between 21 and 45°. From 
these results, particularly as regards N, (Fig. 4), it 
can be seen that the first group of grains, with the 
orientation {100}; <001>, is less numerous than in 
specimen No. 1. It should be borne in mind that the 
degree of deformation for specimen No. 2 (and also 
specimen No. 3) is such that the texturization of 
the specimen is near maximum [6]. 

From the material already presented it can be 
concluded that the main orientation in the first-order 
texture is {110}; <001>. This is even clearer in Fig. 
5, which shows the pole figure for specimen No.3. 
The degree of deformation for this specimen was 
d,/d = 4.34, i.e. somewhat higher than for specimen 
No. 2. In specimen No. 3, the orientation of some 
154 grains was determined. It can be seen from Fig. 
5 that the {100}; <001> orientation is quite poorly 
represented. 

From what has gone before it is clear, in the first 
place, that with increasing reduction the degree of 
texturization increases. Secondly, with increasing 
reduction the first orientation becomes increasingly 


poorly represented as compared with the second. 
This signifies that the main orientation in the first - 
order recrystallization texture is the second type, 
namely 


{110}; ¢ 001). 


These results are in agreement with the scheme 
of lamin texture formation briefly outlined 
in [6]. 

Fig. 6 shows the pole figure common to specimens 
Nos. 4 and 5. The degree of deformation for both 
these was the same, i.e. d,/d = 10.2. There have 
therefore been plotted on this figure the poles of 
all the 207 grains, the orientation of which was de- 
termined. In degree of deformation, these specimens 
come into the transitional range, in which the first- 
order texture changes over to second-order texture. 
Judging by the pole figure, it is impossible to speak 
of the complete absence of preferred orientation in 
this case. This is clear, even if only from the fact 
that the difference in pole distribution density as 
between the ends of the horizontal diameter (at the 
periphery) and the central area is considerably 
greater than could be expected in the absence of 
preferred orientation. The same conclusion follows 
from the non-uniformity of distribution around the 
periphery. At the same time, it is difficult in this 
case to specify any definite preferred orientation. 
As was to be expected on the basis of the magneto- 
metric data (see, for example, [6]), several orient- 
ations are superimposed in this case, corresponding 
to both the first and second-order textures, simul- 
taneously. 

The pole figure for specimen No. 6 is shown in 
Fig. 7. On this figure are plotted the poles of 258 
grains. The reduction here was d,/d = 35. As can be 
seen from the figure, the pole figure is now complete- 
ly different from the preceding ones. In agreement 
with the results in [6], this figure is characteristic 
of the second-order recrystallization texture. The 
grain orientation distribution graphs for this speci- 
men are given in Fig. 8. Here N, is the number of 
grains, for which the angle between the cube face 
and the rolling plane is between a and a + 3°; N, is 
the number of grains, for which the angle between the 
<100> direction and the rolling direction is again in 
the range a — a + 3°. In contrast to the preceding 
graphs, in this case, in finding N, only those grains 
have been taken into account in which the cube face 
makes an angle of not more than + 20° to the rolling 
plane, about the rolling direction or about the 
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FIG. 4. Angular grain distribution in specimen No. 2. 
N, — number of grains, for which the angle between the cube 
face and the rolling direction is in the range a — a +3°; 
N, — number of grains, for which the cube edge makes an angle 
of between a and a + 3° to the rolling direction. 


FIG. 5. Cube-face pole figure for 
specimen No. 3. 


transverse direction (which lies in the rolling 


plane and is at right angles to the rolling direction). 


Thus the graph shows not all the 258 grains, but 
only some 160. The angle a is plotted on the hori- 
zontal axis and the number N (WN, or N,) on the 
vertical axis. 

From Figs. 7 and 8 it can be seen: 

(1) that for the majority of the grains the cube 
face lies near the rolling plane; 

(2) that for the majority of the grains the cube 
face diagonal makes an angle of 15-18° to the roll- 
ing direction; 

(3) that the axis about which the texture shows 


FIG. 6. Cube-face pole figure for 
specimens Nos. 4 and 5. 


most scatter is the rolling direction. Consequently, 
the main orientation in the second-order recrystalliz- 
ation texture is the {100}; <011> type, at 15-18° 
from the rolling direction. As for the {112}; <110> 
type, at about 17° from the rolling direction, this 
can be regarded as a result of the scatter in the 
texture. 

Table 2 shows the proportions of crystals included 
in the various groups of preferred orientation refer- 
red to (in terms of areas, as a percentage of the 
total area of all the grains the orientations of 
which were determined). Each group includes all 
the crystals deviating from the ideal positions 
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TABLE 2. Proportions of crystals in the various preferred orientation groups 


Relative proportion (area) of crystals in the 
orientation group 


{100} {110} {100} {111} {112} 
<I> | <001> | <O11> | <110> | <110> 


1 


! 
1 
5 
| 


FIG. 7. Cube-face pole figure for specimen No. 6. 


given in Table 2 by up to + 20° relative to three 
mutually perpendicular axes, namely: 

(1) the normal to the rolling plane; 

(2) the rolling direction; 

(3) the transverse direction. 

In other words, scatter of the orientation by + 20° 


about these three directions was taken into account. 


At small reductions, the preferred orientation is 
the type 


{110}; (001). 


With increasing reduction, the intensity of this 
orientation first increases and then falls off. The 
secondary orientation in the first-order texture is 


FIG. 8. Grain orientation distribution in specimen 
No. 6. 
N, — number of grains, for which the cube-face makes an 
angle of betweena and a+ 3°to the rolling plane; 
N,— number of grains, for which the cube-edge direc- 
tion, <100>, makes an angle of between a and 
a+ 3° to the rolling direction. 


the type 
{100}; ¢ 001). 


With increasing reduction, the intensity of this 
orientation decreases in comparison with the pre- 
ceding orientation. 

In the second-order texture, the main orientation, 
as already stated, is the type 


{100}; <011), 


the direction <011> being rotated about the normal 
to the rolling plane by an angle of 15-18° on both sides. 
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CONCLUSIONS 


1. The nature or type of recrystallization texture 
in transformer steel depends on the degree of de- 


formation. 

2. At small degrees of deformation (rolling reduct- 
ion less than tenfold), the first-order texture is char- 
acterized by the preferred orientations: 


{100}; < 001), 
{110}; (001). 


The second orientation is the more pronounced. 
With increasing degree of deformation, up to about 
a fourfold reduction of thickness, it becomes more 


intense. 


3. At high deformations (reductions greater than 
tenfold), the second-order texture predominates. It 
is characterized mainly by the orientation 


{100}; (011), 


rotated about the normal to the rolling plane by an 
angle of 15-18° on both sides. 

4. In the transitional range, at reductions roughly 
in the range 5— to 15- fold, the recrystallization 
texture comprises a number of the preferred orient- 
ations featuring in the first- and second-order 
textures. 


Translated by E. Bishop 
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THE HARDENABILITY OF HEAT-RESISTING ALLOYS ** 
V.I. PROSVIRIN 
(Received 25 April 1958) 


In the heat treatment of heat-resisting alloys, at 
present, no particular importance is attached to 
controlling the cooling rate. It is generally consi- 
dered that the solid solutions are quite stable, and 
are retained without breakdown, even when cooled 
at moderate or low rates from the unsaturated solu- 
tion range. 

The present paper shows the effect of cooling 
rate on the solid solution breakdown in the alloys 
E1395 and £1437A during quenching, and on the 
associated changes in the nature of the precipita- 
tion hardening of these solutions, which also de- 
pends on the nature of the secondary phase. 


EXPERIMENTAL TECHNIQUE 


The effect of cooling rate on the alloy properties 
was determined by the method of end-quenching 
cylindrical specimens 130 mm long and 30 mm in 
diameter (in the case of alloy E1437A) or 25 mm in 
diameter (in the case of alloy E1395). The speci- 
men blanks were annealed for 10 hr at 900°C. The 
machined specimens (taken in pairs) were end- 
quenched. They were heated in an argon atmosphere 
to 1180°C and held again for 2 hr. The quenching, 
in water at + 20°C, was carried out in a special 
jig. After quenching, the specimens were hardness 
tested (R, = 100) across various sections parallel 
to the quenched end and at distances from it of 
0, 3, 7, 11, 15, 19, 24, 29, 35, 41, 51, 61, 81 and 
101 mm. After measuring the hardness across these 
sections, the specimens were heated at a low tem- 
perature (600°C) for 250 hr. During this treatment, 
the specimens were repeatedly cooled (namely 
after 1, 3, 5, 8, 12, 20, 40, 80, 160, 200, and 250 
hr) and hardness tested on the same sections. 

The cooling rate in the end-quenched specimens 
(Fig. 1) was automatically recorded on an oscil- 
lograph at certain sections (3, 15 and 81 mm). The 
thermocouple was chromel-alumel, with a wire 
diameter of 0.8 mm. The temperature lag in the 
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FIG. 1. Temperature variation in different sections of an 
E1395 alloy specimen end-quenched from 1180°C; 
1 — 3 mm section; 
2 — 15 mm; 
3 — 81 mm. 


thermocouple, during the cooling rate recording, was 
ignored. The hot junction was inserted in holes 
2 mm deep. 

For these and for other cross-sections, the mean 
cooling rate was found by calculation [1], from the 
relationship of the specimen dimensions to those of 
massive bodies. 


EXPERIMENTAL RESULTS 


Comparison of the mean cooling rates as obtained 
experimentally and by calculation, showed satis- 
factory agreement. The values of cooling rate 
obtained experimentally in all cases were somewhat 
lower than those found by calculation. The variation 
in mean cooling rate through the temperature range 
1180-600°C, uver the length of the specimen is shown 
in Fig. 2. 

The hardness variation along the length of the 
specimen in the various sections, as a function of 
distance from the quenched end, is also shown by 
curves A and B in Fig. 2. The nature of these 
curves differs. 

1. The hardness of the nickel-base alloy speci- 
men (£1437A) increases continuously with increas- 
ing distance of the section from the quenched end. 
In the region of the specimen up to 50 mm distant 
from the quenched end, the hardness increases 
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FIG. 2. Mean cooling rate in the range 1180-600°C, 
as a function of distance from quenched end, and 
corresponding variations in hardness for alloys 


E1437A and E1395. 


linearly with distance measured from the quenched 
end. At further distances the hardness only in- 
creases slightly, remaining at roughly the same 
level. 

The relationship between the hardness of the 
specimen and its cooling rate, for the alloy £1437A, 
is shown by curve A in Fig. 3. As the cooling rate 
is decreased from the maximum of 30°/sec near the 
quenched end to 5°/sec, the hardness varies almost 
linearly with cooling rate. At lower cooling rates the 
hardness increases more rapidly, and the curve 
turns upwards. At cooling rates below 1.5°/sec, the 
hardness remains constant. 

The observed relationship between hardness and 
cooling rate can be explained as follows. In the 
alloy E1437A, the precipitate phase is a’ [Ni,(Al, 
Ti)], and its degree of development determines the 
hardness level of the alloy. By gradually varying 
the cooling rate over the stated temperature range 
it is possible to obtain a series of condition in the 
final cooled solid solution, constituting a gradual 
variation from the single-phase to the two-phase 
condition. It is very probable that the rectilinear 
section of curve A in Fig. 3 corresponds, in the 
main, to the progress in the solid solution of in- 
cubation processes associated with the composi- 
tional complexes required for the formation of the 
ensuing stable nuclei of second phase. That 


section of the curve characterized by the steep 
rise in hardness is associated with the formation 
(in the thermodynamically unstable compositional 
complexes in the solid solution) of stable a-phase 
nuclei. The section of the curve corresponding to 
low rates (v < 1.5°/sec) of cooling, and character- 
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FIG. 3. Relationship between hardness of alloy 
and mean cooling rate. 


ized by the constant hardness value, is caused by 
the increasing coalescence of the a’- phase. 

2. A completely different type of relationship 
between hardness and cooling rate (from a temper- 
ature of 1180°C) is found in the iron-base alloy 
E1395). As is well known [2], the breakdown of the 
solid solution in this alloy is accompanied by the 
precipitation of certain secondary phases *. 

Curve B in Fig. 2 shows the variation in hardness 
of the specimen along its generatrix, starting from 
the quenched end. The more complex nature of the 
curve is associated with the precipitation of differ- 
ent rates. As the cooling rate is decreased (see 
Fig. 3) from the maximum at the end to 15°/sec (on 
the section 10 mm from the end), there may occur 
primarily incubation processes in the solid solu- 
tion, leading to breakdown with the gradual form- 
ation of a’- phase nuclei. The horizontal and falling 
sections of curve B correspond to increasing coa- 
lescence of this phase, resulting in a drop in hard- 


ness. Still slower cooling (v < 1.5°/sec) again 


* The secondary phases in alloy E1395 are: 
(1) y- phase, with a face-centred cubic lattice (the 
parameter of which is near that of austenite), 
this being the first to precipitate; 
(2) X-phase, a complex carbinotride phase of face- 
centred cubic structure (parameter '10.68-10.87 A): 
(3) Fe,Mo, which forms on prolonged ageing. 
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FIG. 4. Effect of prolonged ageing at 600°C on the hard- 
ness of various sections of an end-quenched specimen: 
Top: Hardness curves for alloy E1395: 

1 — end; 2 — 3 mm from end; 3 — 9 mm from end; 

4 — 61 mm from end. 

Bottom: Hardness curves for alloy EI437A: 

1 — end; 2 — 3 mm from end; 3 — 15 mm from end; 

4 — 29 mm from end; 5 — 51 mm from end. 


leads to an increased hardness in the alloy, which 
may be associated with the nucleation of another 
phase, namely the carbonitride X - phase. Formation 
of the intermetallic phase F'e,Mo is impossible under 
the cooling conditions considered, since extremely 
slow cooling is required for it to form, with a period 
of some hours in the temperature range from 900 to 
600°C. 

3. Variation of the cooling rate between 30 and 
0.5°/sec (in the quenching of heat-resisting alloys) 
produces in the solid solution a continuous series 
of metastable conditions extending over a wide 
range, which have a substantial influence on the 
course of hardening during subsequent ageing. Thus, 
for example, the variation of the hardness of alloy 
£1437A during ageing at 600°C *, with different as- 
quenched conditions after quenching, are shown in 
the lower half of Fig. 4. Each curve shows the 
hardness of the alloy corresponding to a certain 
section of the specimen. In the early stages after 
the commencement of ageing, the hardening rate of 


* The low ageing temperature made it easier to observe 
the various stages in the process of solid solution 
breakdown. 


the alloy is at a maximum; the hardness increase 
falls off with decreasing cooling rate in the quench. 
This stage of hardening in the alloy is not accomp- 
anied by any visible changes in microstructure, and 
may be predominantly associated with the prepara- 
tory processes in the solid solution which very 
largely occur during the quenching cooling, in sect- 
ions removed from the quenched end. 

In the second stage of hardening, the curves for 
which are almost rectilinear, (the stage correspond- 
ing to holding times between 20 and 200 hr), the 
hardening rate is considerably slower than in the 
first stage; it also decreases with decreasing cool- 
ing rate in the quench. This stage of hardening in 
the alloy is associated primarily with processes of 
nucleation and growth of the new phase, these 
processes occurring most extensively in the sections 
of the specimen with the highest cooling rates. 

In the third stage of hardening, the alloy does not 
exhibit any increase in hardness; in certain sections 
of the specimen (not shown in the figure) the hard- 
ness was even found to fall, due to coalescence of 
the a’-phase. 

The course of hardening during the ageing of alloy 
£1395 is shown in the upper half of Fig. 4. The 
solid solution in this alloy shows little increase in 
hardness in the incubation and initial stages of 
breakdown, either during cooling on quenching or 
during ageing. This may be associated with the 
similarity in composition and structure between the 
y -phase and the solid solution matrix [2]. 

The hardening rate for this alloy in the second 
stage is variable; it is small on ageing up to 80 hr 
and higher on ageing beyond 80 hr. The rapid harden- 
ing of the solid solution on prolonged ageing (beyond 
80 hr) must be ascribed to the precipitation of X - 
phase. 


Translated by E. Bishop 
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LETTERS TO THE EDITOR 
THE DISTRIBUTION OF CHROMIUM IN THE SULPHIDE SKIN IN 
FERRO-CHROME ALLOYS* 
A.K. KRASOVSKAYA and P.V. GEL’D 
The Ural S.M. Kirov Polytechnical Institute 
(Received 16 May 1958) 


As was announced earlier [1] with the corrosion 
of ferro-chrome alloys by sulphur fumes (P,, = 50 
mm Hg) a skin forms in the outer substratum of which 
chromium is absent. Its accumulation appears only 
in the inner substratum where the spinel Fe Cr,S, 
forms which fulfils protective functions in accord- 
ance with the principle of heat resistance by 
Arkharoy [2]. However only the alloys which contain 
more than 12 per cent Cr possess a high corrosion 
resistance in conditions of contact with sulphur 
fumes and higher sulphides. 

To define more accurately the reasons for the 
similar threshold response (with short 2-6 hr treat- 
ments) an investigation was carried out to deter- 
mine the chromium along the section of the inner 
substrata of the sulphide coatings which form on the 
alloys containing 1.09, 4.84, 7.90, 12.08, 17.46, 

19 and 20 per cent Cr (and also 0.06-0.08 per cent 
C) at a temperature approaching 800°C. 

Metallographic and X-ray structural analysis 
established that the chromium is present in the 
inner substratum mainly in the form of the spinel 
FeCr,S, irregularly distributed through the section 
of the skin. 

It was found that' the FeCr,S, grains are concent- 
rated mainly on the interface of the substrata, that 
is in the outer part of the inner substratum away 
from the metal. In the direction of the metallic re- 
sidue the spinel content rapidly diminishes. 

In the skins which formed on low-chrome alloys 
(less than 4 per cent Cr), the spinel deposits are 
very much dispersed and were not seen with a 
microscope with a magnification of 600. On the 
other hand the elongated separate FeCr,S, grains 
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t It must be noted that FeCr,S, crystals are easily observ- 
ed metallographically owing to their light colour (in 
reflected light) and high microhardness (about 800 kg/ 

mm? instead of 300 kg/mm? in the case of pyrrhotine). 


are easily exposed metallographically in the inner 
substratum of the sulphide coating on the alloy con- 
taining 7.9 per cent Cr. They are grouped mainly 
near the boundary of the substrata and are character- 
ized by comparatively large dimensions (about 0.03 
mm in thickness and up to 0.5 mm along the front 

of the skin). The spinel appears most clearly in the 
skins on high-chrome alloys containing more than 
12 per cent chromium. Here the spinel (Fig. 1) 
forms not separate deposits but a continuous layer 
completely separating the two substrata of the skin. 
An examination of the temperature relationship of 
the conductivity (from — 186 to + 100°C) of this 

part of the skin and of the pyrrhotine layer indicates 
in the first place the relatively high activation 
energy of the process in the spinel (0.20 eV instead 
of 0.04 eV in the case of pyrrhotine) and in the 
second place its low conductivity. For example at 
— 186°C, °F eCr,S,: 10—30. Thus the high 
heat resistance of ferro-chrome alloys containing 
more than 12 per cent Cr depends on the formation 
of a continuous spinel layer characterized by high 
protective properties. 

However the reasons for the fact that the FeCr,S, 
deposits are found not near the surface of the metal 
but mainly on the boundary of the substrata of the 
skin must receive particular consideration. Obvious- 
ly in this connexion particular attention must be paid 
not only to the gradual displacement of the reaction 
front, but also to the possibility of the formation 
of doubly and trebly charged chromium cations. 

The inner substratum of the skin, as is known, 
is formed on account of the interaction of the alley 
with the sulphur atoms which have diffused through the 
sulphur coating. As a result of this the simultane- 
ous sulphidization of the iron and the chromium 
takes place. Under conditions of contact with the 
metal which fulfils the functions of a reducer 
(Me + M? + + 2Me?*), a sulphide is formed which 
contains mainly doubly charged cations. As in this 
part of the system the iron content is greater than 
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FIG. 1. Photomicrograph of the sulphide skin on the alloy Fe + 17 % Cr: 
a — The outer layer; 


b — FeCr,S,; 


c — The inner layer. 


that of chromium (and the number of defects in the 
pyrrhotine lattice is small), then on the strength of 
the reaction Fe? + + S Fe? + + Cr?* the concent- 
ration of trebly charged chromium cations is very 
small. In connexion with this and also owing to the 
isomorphism and proximity of the CrS and FeS para- 


meters [3] (which form, as is known, [4] a continu- 
ous series of solid solutions), a pyrrhotine alloyed 
with chromium forms in this part of the skin. 

The diffusion of the iron and chromium cations 
into the outer part of the skin (on account of the 
greater mobility of the Fe?* particles) leads to an 
enrichment of the inner substratum with chromium. 
As a result of this and also owing to the growth of 
pyrrhotine defects as they approach the outer bound- 
ary of the sublayer the diffusing chromium particles 
in increasing numbers will raise their charge, that 
is will be transformed into Cr*+ cations. 

The increase, in the sulphide lattice, of the con- 
centration of trivalent chromium cations creates in 
the particular section of the sulphide coating favour- 
able conditions for the formation of a spinel. What 
could not be realized in the immediate vicinity of 
the metal (Me + 2Cr?+ + Me?+ + 2Cr?*), is success- 
fully accomplished at some distance from it. 

The accuracy of this conclusion follows also 
from the fact that with the sulphidization of differ- 
ent alloys the primary separation of spinel was 
observed approximately in the same sections of the 
skin, that is with more or less the same oxidizing 
potentials. 

With short oxidation and small concentrations of 
chromium, spinel grains isolated from one another 


form in the alloy which only slightly narrows the 
front of mutual diffusion of the reagents and weak- 
ly affects the stability of the alloy. With the in- 
crease of the chromium content and the accumula- 
tion in the outer part of the inner sublayer of the 
sulphide coating of the spinel phase, which is dif- 
ficult to penetrate, (structurally dense and with low 
conductivity) the speed of the oxidation of the alloy 
rapidly diminishes, reaching a limit, the magnitude 
of which depends on the individual properties of 
the FeCr,S,. 

It must be noted that as a result of the high 
activation energy of the conductivity processes 
and the diffusion through the spinel, the protective 
functions of the chromium rapidly diminish with 
rise of temperature. Thus the ratio of the constants 
of the oxidation speeds of the alloys containing 
1.09 and 17.46 per cent Cr varies in the following 
manner: at 500°C K,_4/K,>, 4, is equal to 570 and 
at 800°C, 55. In other words the permeability of the 
sulphide spinel increases more rapidly with in- 
creasing temperature than the permeability of 
pyrrhotine. 


Translated by R.C. Murray 
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ON: THE RELATIVE HARDENING OF METALLIC ALLOYS WITH PLASTIC DEFORMATION * 
L.I. MIRKIN 
(Received 25 April 1958) 


The hardening of metals and alloys with plastic 
deformation and alloying has been studied in the 
works of many investigators. The aim of the present 


work is to study the relative values of the hardening 


curves of single-phase alloys. Armco-iron alloyed 
with manganese (1.5 and 3 per cent) and vanadium 
(1, 2 and 3 per cent) was used for the investigation. 
The alloys were rolled with a reduction of 80 per 
cent and annealed for complete removal of the 
stresses. The investigation was carried out by 
studying the mechanical curves of the alloys in an 
annealed and deformed state and also by X -ray 
analysis. X-ray photographs were taken of a micro- 
section in FeK a-radiation with focusing of the 
lines (110) and (220) with ionization registration. 
From the intensity curves the integral values for 
the width and line intensity were measured. 2 

The results of the work showed that the introduc- 
tion of manganese leads to considerable hardening 
of the ferrite both for the annealed and the deform- 
ed state which is typical for an alloyed ferrite [1, 
2]. The introduction of vanadium is not accompanied 
by a noticeable change in the hardness of the alloys 
in the annealed state and after 80 per cent deform- 
ation the hardness of the alloys (185-165 tolerance 
units Hy) containing vanadium is even noticeably 
lower than the hardness of deformed iron (218 toler- 
ance units Hy). Analogous effects with alloying 
were apparently not observed previously. 

In the investigation of the relative values for the 
hardening the following symbols were introduced: 
A — some characteristic for the strained state of 
the metal (hardness, ultimate strength, width of the 
line on the X-ray photograph, ratio of the intensi- 
ties of the lines etc.); Agnnealed — the value of 
this characteristic for annealed material; Ageformed 
— the value of this characteristic for deformed 
material with a particular method and degree of 
deformation; (Age — Aannealed) /Aannealed — the 
relative hardening of the material with plastic de- 


formation. 
The results for the experimental values of the 


* Fiz. metal. metalloved., 7, No. 4, 628-630, 1959. 


fe+Mn \ 
a 
Content of compenent, % 


Q75t 


FIG. 1. The relative hardening of the ferrite alloyed 
with vanadium and manganese, 


Hy def — HY annealed 


Hy annealed 
The initial state — 80 per cent deformation. 


hardness converted to the relative units are 
shown in Fig. 1. Fig. 1 shows that the greatest 
value for the relative hardening with plastic deform- 
ation is obtained for pure iron (1.30) and sharply 
decreases when alloyed with vanadium and particu- 
larly with manganese (to 0.5). Sipilar results are 
obtained by the calculation of the relative values 
for the integral line width and the ratios of the line 
intensities (110) and (220). 

It must be noted that the results obtained qualita- 
tively coincide with the results of the conversion 
of data from different authors who have studied the 
absolute values for the hardening of ferrite with 
plastic deformation. Thus the results of the conver- 
sion into relative units of the data of Austin [1] and 
Shteinberg [2] who studied the hardness of alloyed 
ferrite, are shown in Fig. 2. From an examination 
of the curves in Fig. 2 it is seen that for alloys of 
iron with the intensity strengthening elements Si, 
Mn, Mo, Wand Nbthe same rule applies —a decrease 
in the relative hardening as the content of the 
component increases. The conversion to relative 
units of the data of [6] shows the exitence of 
similar relationships for ferrite alloyed with Ni, Mn, 
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Hy def — 4y annealed 


HY annealed 


Content of component, % 


FIG. 2. The relative hardening 
Hy det — 4y annealed 


Hy annealed 
of alloyed ferrite with plastic deformation: 
a — conversion of Shteinberg’s data [2], 
b — conversion of Austin’s data [1]. 


Cr, Mo, V, Co, Nb, Si. 

It must be noted that the values of the ratio AH/ 
H, in each series of experiments differs slightly, 
but the trend of AH/H, with an increase in the con- 
tent of the component remains constant. For a 
series of other components the same relationship 
is observed, although considerably less clearly ex- 
pressed. The data of the present work and the con- 
version of Dean’s data [3] results in a similar rela- 
tionship for five different mechanical curves of 
alloys alloyed with manganese. The conversion of 
Schmid’s data shows the existence of a similar re- 
lationship in the alloys Cd-Zn, Al-Mg, Zn-Mg 
[4]. 

Thus the large number of experimental data shows 
that the relative hardening with plastic deformation 
has the greatest value for the pure metal and decrea- 
ses with an increase in the content of the compon- 
ent. 

To explain the nature of the observed rules the 
value of the static third-order distortions in the 
crystal lattice of the alloys was examined. It was 
shown that the appearance of static distortions of 
the crystal lattice was one of the main factors de- 
termining the hardening of iron with plastic deform- 
ation [5]. Similar results were obtained also for the 
alloyed ferrite in the present work. In the calcula- 
tions for a standard in which stresses are practical- 
ly absent pure annealed iron was used. 


The results obtained for the alloys Fe-Mn are 
shown in Fig. 3. It is seen from the graph that for 
iron in an annealed state the introduction of man- 
ganese up to 3 per cent results in the considerable 
increase in the distortions from 0 to 0.16 A. The 
plastic deformation of pure iron leads tg an increase 
in the static distortions from 0 to 0.15 A; an iron 
alloy with 1.5 per cgnt manganese from 0.07 to 
0.17 A,i-e by 0.10 A; an iron alloy with 3 per cent 
manganese — from 0.16 to 0.19 A, i.e. by 0.03 A. 
It is seen from Fig. 3 that although an increase in 
the manganese content in the ferrite leads to an 
increase in the static distortions measured for a 
deformed material, the growth in the distortions 
with plastic deformation decreases with an increase 
in the manganese concentration. 

An examination of the experimental data of [6] 
shows that the increase in the distortions with the 
deformation of pure iron amounts to 0.100A, while 
with the deformation of alloys alloyed with Ni, Mn, 
Mo, Ti, V, W, the increase in the third-order distor- 
tions does not exceed 0.060 A and for such power- 
ful strengtheners as W it amounts to only 0.007 A. 

The results of the work show that the residual 
distortions of the crystal lattice in annealed materi- 
al which arise with alloying and lead to a harden- 
ing of the alloy prevent further distortion of the 
lattice with plastic deformation. 

This circumstance leads to the fact that an 
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FIG. 3. The curve of the static third order distortions 


(\ju, A) 


in the ferrite against the manganese content. 


increase in the solute content in the solid solution with the concentration. 
leads to a decrease in the relative hardening of the 
alloy with plastic deformation which increases 


Translated by K.C. Murray 
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ON RESIDUAL LINE EXPANSION ON THE X-RAY PHOTOGRAPHS OF ANNEALED STEELS* 


L.I. MIRKIN 


Numerous studies of the subcrystalline structure 
of metals and alloys after different forms on therm- 
al and mechanical treatment showed that the dim- 
ensions of the blocks and the microstresses 
(second-order distortions) in metals can be substan- 
tially changed in the treatment process [1]. 

lhe present work examined the line width on the 
\-ray photographs of annealed carbon steels and 
steels alloyed with chromium, manganese, boron, 
titanium and tungsten. The specimens were anneal- 
ed under different regimes including annealing with 
slow cooling in the range from 1100 to 500°C for 
10 hr, to ensure the regular distribution of the com- 
ponents and carbon in the solid solution. The X-ray 
photographs were taken in the ionization X-ray ap- 
paratus URS-501] using Fe-radiation. 

The results of the experiment showed that the 
line width for annealed steels considerably exceeds 
the line width for annealed Armco-iron. The results 
of the measurements for some steels are given in 
Table 1. 

The line width on the X-ray photographs of anneal- 
ed steels increases as the carbon content in the 
steel increases. Fig. 1 contains the data on the 
variation of the line width corrected for heteroge- 
neous radiation for steel 20, steel 45 and Armco-iron. 
The alloving of steels also leads to an increase in the 
residual line width. The observed increase in the 
line width occurs both on account of the increase 
in the area of the intensity curves and also on 
account of the decrease in the height of the maxi- 
mum of the curves. Fig. 2 contains the results of 
measuring the area of the intensity curves for the 
lines (110) of carbon steels. 

If it is accepted that extinction influences the 
integral line intensity (110) which usually takes 
place in annealed materials, then the trend of the 
integral intensity curve in Fig. 2 shows that the 
dimensions of the blocks in annealed steels dim- 
inish as the carbon content increases. The calcul- 
ation by the method proposed by Kurdiumov and 
Lysak [2] shows that residual line expansion is 
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FIG. 1. The curve of the line width on the X-ray 
photographs of annealed steels against the 
carbon content: 

1 — line (110), 
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FIG. 2. The curve of the integral line intensity (110) of 
annealed carbon steels against the carbon content. 


only connected with the mosaic structure of steels, 
and microstresses are absent after annealing. If an 
annealed specimen of Armco-iron is taken as a 
standard, with block dimensions of more than 25 x 
107° cm, then the calculated block dimensions in 
steel 20 will be 8.3 x 10~° cm and in steel 45 
4.6 x 10° cm. 

Thus the results of measuring the line width and 
the integral line intensity on the X-ray photographs 
show that the block dimensions in the annealed 
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TABLE 1. Line width of annealed steels and Armco-iron 


Composition of the steel 
(in percentages) 


Bio x 103 
(rad) 


Bary x 103, 
(rad) 


& 


steels decrease as the content of carbon and alloy- 
ing elements increases. The duration of annealing 
and the cooling regimes of the steels investigated 
were obviously sufficient to obtain a stable crystal- 
line structure. 

It also follows from the data obtained that when 
determining the dimensions of the blocks and the 
second-order distortions from the line broadening 
for a series of alloys a comparison of the absolute 
values for the results obtained is hardly admissible, 
irrespective of the choice of a pure metal or an an- 


nealed alloy as a standard. 
The results of the work show that the mosaic 


structure of the alloys is connected not only with 
the treatment but also with other characteristics of 
the alloy itself (the concentration of the solute, the 
grain dimension, etc). Obviously some maximum 
value for the blocks of the mosaic structure exists 
which is characteristic for the given material. F'ur- 
ther investigations are necessary to establish the. 
quantitative connexion between the maximum dim- 
ension of the blocks and the characteristics of the 
material. 


Translated by R.C. Murray 
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ON THE EFFECT OF WEAK PLASTIC DEFORMATION ON THE SECONDARY 
RECRYSTALLIZATION AND GRAIN GROWTH OF COLD-ROLLED TRANSFORMER STEEL * 
L.V. MIRONOV and Ya.S. SHVARTSBART 
The Ural Scientific Research Institute for Ferrous Metals “Elektrostal” Factory 

(Received 6 August 1958) 


It was shown in the works [1, 2] that grain form- 
ation with the annealing of cold-rolled transformer 
steel is connected with the phenomenon of second- 
ary recrystallization. The most perfect texture is 
formed with temperatures at the beginning of the 
secondary recrystallization of 900-950°C, when the 
most accurately oriented grains serve as “growth 
nuclei”. The process takes place comparatively 
slowly at these temperatures and it needs prolong- 
ed exposures of 3-5 hr for its full completion. The 
low speed of the secondary recrystallization with 
high-temperature annealing makes it necessary to 
limit the rate of heating and precludes the possibi- 
lity of using forced methods of annealing (induction 
heating, vent furnaces). 

There are indications in literature that “weak 
plastic deformation before high-temperature anneal- 
ing accelerates secondary recrystallization” [3]. 

To test this finding we carried out an examina- 
tion of the effect of small plastic deformations on 
secondary recrystallization and grain growth. 

For the investigation industrial strips (0.35 mm 
thick) of cold-rolled transformer steel of the usual 
chemical composition ' with a clearly marked tend- 
ency to secondary recrystallization, which takes 
place at 920°C in the course of 4 hr, were taken. 
Under these conditions a very sharply defined tex- 
ture is formed which achieves 90-95 per cent orient- 
ed grains. It was established by preliminary tests 
that low-temperature annealing (lower than the 
temperature of the beginning of the secondary re- 
crystallization) with subsequent high-temperature 
annealing affects neither the parameters of second- 
ary recrystallization nor the final texture. 

The specimens were annealed for 2 hr at 800°C 
and then rolled with reductions of 2.5, 5.0, 7.5 and 
10 per cent and annealed at different temperatures 
from 700 to 1100°C. 
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t Composition of the steel: 0.012 per cent C; 3-10 per 
cent Si; 0.09 per cent Mn; 0.005 per cent S; 0.010 per 
cent P. 


As a result of the experiments it was established 
that with annealing after rolling with the indicated 
reductions secondary recrystallization is not 
observed and the usual process of recrystallization 
takes place. The dimension of the grains obtained 
in this process is determined by the magnitude of 
the reduction and the temperature of the subsequent 
anneal. The largest grains (to 10-15 mm?) were 
obtained with annealing at 750-800°C in specimens 
rolled with a reduction of 2.5 and 5 per cent; when 
the annealing temperatures or the amount of reduct- 
ion was increased the size of the recrystallized 
grains was reduced. It is significant that anneal- 
ing after rolling with the critical reductions pro- 
duces a very weak texture even in those cases when 
recrystallization led to the formation of larger 
grains. The texture in this case did not exceed 20- 
25 per cent, i.e. the extent which is observed as a 
result of annealing below the temperature of sec- 
ondary recrystallization. 

Consequently the use of critical cold deformation 
in our tests not only did not accelerate the second- 
ary recrystallization but suppressed it, consider- 
ably lowering the final degree of perfection of the 
texture. 

Industrial tests carried out at the factory 
“Elektrostal’” gave the following results. 

A strip of cold-rolled transformer steel rolled to 
a thickness of 0.53 mm was annealed in a vent 
furnace at a temperature of 950°C with the strip 
moving at a rate of 3 m/min, which corresponded 
to a time in the heating zone of 2 min. After anneal- 
ing. the strip was rolled to a final thickness of 0.50 
mm and annealed in a dome furnace at 1150°C for 
4 hr. The magnetic properties, the grain size and 
the degree of perfection of the texture are given 
in Table 1. For comparison the table includes 
the characteristics of the other part of the roll 
which was rolled to a final thickness by the usual 
technique without using the critical reduction 
before the final anneal. 

The use of critical cold deformation recommended 
in those cases in which it is necessary to obtain 
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TABLE 1. The characteristics of the properties of differently worked steel strips 


Specific losses 
Direction of (W/kg) Magnetic 
Treatment cutting the ‘induction Texture 

perfection 
specimen Prese as 


Using a small ongitudinal 
deformation Transverse 


The usual Longitudinal 
technique Transverse 


isotropic materials by cold rolling for example, low- 
textured cold-rolled transformer steel. 


Translated by R.C. Murray 
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ON THE QUESTION OF DETERMINING THE NUMBER OF ARBITRARY LONG-RANGE 
ORDER PARAMETERS FOR MULTI-COMPONENT ALLOYS * 
A.N. MEN’ 
The Sverdlovsk Agricultural Institute 
(Received 10 February 1958) 


For the characteristic of an alloy of a given composition with a known type of lattice it is 
necessary to know the arrangement of the atoms at the sublattice points. 

We introduce the notation: N; (i = 1, 2, 3... m) — the number of grade i atoms; N/ (j = 1, 2, ...m,)— 
the number of type j sublattice points; Nj the number of grade i atoms in the type j points. The ar- 
rangement of atoms at the points is determined by the matrix 


containing mm, unknowns. 
As the composition of the alloy and the type of lattice is known, mm, of variable NI must satisfy 


the following equation: 


my) 
j=! 


(2) 


The problem amounts to resolving the system (2) of m + m, inhomogeneous linear equations with 
mm, unknowns. To solve the problem of the consistency of these equations (see, for example, para, 
16 in the work [1]) it is necessary to find a matrix rank A from the coefficients of the system (2) and 
a rank of the “expanded” matrix A *, obtained by annexing a column of free terms from the system (2) 
to A. We write out the matrix A 


rows 


TOWS 


To find the matrix rank (3), we write out the non-zero minor Ay, + », — 1 of the order m+ m, — 1, 
which is obtained from A if we take all the rows except the first and the columns with the numbers 
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rows 


| m, rows 


It is easy to show that minors of the order m + m,, obtained by adding the first row and one of 
the unused columns of the matrix A to Am 4 m, — 1 will become zero, i.e. the matrix rank A will be 
m+m,— 1. To determine the matrix rank A* it is sufficient to calculate the determinant 


000... 


4=/000... 
100... 


Nm 


-11M 


Reducing A by the elements of the last column and taking into account the obvious equality of 


(substitution type alloys are being considered), we find that A = 0. From this it follows that the 
system (2) is simultaneous since the ranks of the matrices A and A* coincide. The number of arbit- 
rary parameters will equal p . 


= —1). 
p=mm,—(m+m,—1) 6) 


Since the system (2) contains m + m, equations, and the number of independent linear equations 
is m + m, — 1, then one of the equations is not independent but expresses the fact that the total num- 
ber of points is equal to the total number N of atoms. We write out the system of m + m, — | equations 


my, m my, 

(or Ywt=n'), wl. 

j-1 j-2 
(i= 2,3...m) (jw 2,3... m) 


From (7) it is easy to determine the unknowns (with the calculation of the selection A, 4 , _ 1”) 


through the parameters: 


j=2 i=2 i=2 i= 


< 
i=2 
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Knowing ni makes it possible to proceed to the corresponding probabilities. To convert the 


expressions (8) we introduce the notations 


the concentration of type i atoms; 


the concentration of type j points. Then we obtain 


m my, 
1 ci | 
i=2 j=2 
(i= 2, 3 


The independent parameter p! in (9) can be determined from the condition of the minimum free 
energy or directly from the test. Thus, for example, for a tri-component alloy (m = 3) with a spinel 
type lattice (m, = 2) it is sufficient to know two parameters (p = 2). 

If we examine a binary alloy AB (m = m, = 2, p = 1) and introduce the notations, following A.A. 
Smirnov [2]: 


1 
c>y, 


N} 


then from (9) it is easy to obtain (see formula (31) of the work [2] ): 


2 q 1 q ps = q (11) 


For an alloy containing three types of atoms A,B,C, and three types of points a, 8 and y 
(m = m, = 3), we obtain from (6) p = 4. If following the work [3], we define 


(12) 


and take into consideration that the number of points and the number of atoms coincide (v; = xj) then 
(9) takes the form: 
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1=B,C 1=B,C 
(j= 8, = B, C) 


AgBqBg and Cy are taken for the arbitrary parameters in the work [3] and the long-range order 
functions S are introduced: 


A, — 2%, Bz; — 


S,= = 


Now from (13) it is easy to obtain the independent variables /;, as functions of S 


*B 
B, = —— [(1 — xg) (1 — Sp) — x4 


Cc, = (1 — X,) (I (1 — S4) etc. (15) 


If we examine the alloys in which the number of sorts of atoms and the number of types of points 
coincides (m = m, = n), then the number of independent parameters p will be equal to 


p=n'—(n+n—1)=(n—1)?, 
(16) 


which coincides with the expression given in K. Voitsekhovskii’s work [4]. 

I take the opportunity to express gratitude to A.N. Orlov for his interest in the work and his 
discussion of the results, to M.A. Krivoglaz for his kindness in pointing out work [4] which was 
unknown to the author. 


Translated by R.C. Murray 
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THE APPLICATION OF GREEN’S FUNCTION IN THE QUANTUM THEORY OF THE 
ELECTRIC CONDUCTIVITY OF METALS * 
A.N. VOLOSHINSKII 
The Ural Wood Technology Institute 
(Received 7 January 1959) 


The Bloch formulae for the probabilities of electron-phonon collisions which form the basis of 
the quantum theory of the electrical conductivity of metals, are a result of the first approximation of 
the ordinary variation of the perturbation theory. The description of electron-phonon interaction by 
Green’s functions corresponds to the fact that in the fundamental equations, which are similar to 
Schwinger’s equations, both the operator of mass and the operator of polarization are left out. At 
the same time, using the small momentum of the phonon as compared with the Fermi momentum of 
the electron (which at any rate is achieved at sufficiently low temperatures) it is possible to find 
by the method of functional neutralization the probabilities of electron scattering by the phonon 
field and by calculating the mass operator. They have the following form: 


+ 1t)= 
9Mhw,V 


(Ng +1)2(E1— E,—Ey—hwg) P (kyNg— 11) = 


9MhoV 


(Ey — Ez — Ey + hwy). 


Here E, is a particular constant connected with the Bloch constant C, which determines the 
magnitude of the electron-phonon interaction, and the other symbols coincide with the symbols of 
work [1] which we will adhere to from now on. 

From this it is possible to show that the calculation of the polarization operator, with some 
assumptions as to its structure, does not lead to a qualitative change in the results of the calcula- 
tion and changes only the magnitude of the constant Eo. 

From the formulae (1) it follows that the application of the Born perturbation theory even with 
low bond constants cannot be justified in low temperature regions, because this implies the expans- 
ion on the ratio Eo/XT (X being the Boltzmann constant and 7 the absolute temperature). On the other 
hand the application of the perturbation theory is justified even with large bond constants but with 
correspondingly high temperatures. Thus the results of the calculation lead to the conclusion that 
the virtual processes have a considerable effect at low temperatures, but do not play a significant 
role at high temperatures, which, starting from general considerations, has already been pointed out 
in the literature [2]. 

The formulae obtained make it possible to produce an equation for the function of the electron 
distribution in a weak external electric field. However, in as much as the electrons from the very 
beginning have been regarded as interacting through the phonon field, strictly speaking, the zero 
approximation for the function of the electron distribution does not coincide with the Fermi approx- 
imation and it will be “blurred” 3. This results in the destruction of the thermal equilibrium of 
the Fermi electron distribution with the Bose phonon distribution in the absence of an external 
electric field. Taking into consideration the effects caused by the “blurring” of the small effects, 
we take the Fermi distribution function as a zero approximation which makes it possible to linea- 
rize the kinetic equation and carry out the integration by the polar angles 0 and ¢ as was done by 
Bloch. Then, representing the addition to the electron distribution functions caused by the electric 
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field in the form of the product of the slowly varying function a (£) and the first energy derivative from 
the Fermi function, we obtain the following equation for a (£ ¢) after a series of transformations.: 


(2) 


— x + 1) exp (— yo) — exp (— x) 
[exp (— Yo) — exp (— x)]?* 


(3) 


1 (YoXe) = — {aw 
0 


dxandy, = 


(Wo + x + 1) exp (— vo — x) -- 1 
[exp (— vo — x) — 1]* 


In so far as the value of the integral (3) at low temperatures is different when E, < x © and 
E, > x ©, we correspondingly obtain two different formulae for the specific electric resistance of 


metals, namely: 


Cdk \2 


(4) 


P= 


| 
i=] 


The numerical estimates of the residual resistance for Na agree with the experimental as regards 
the order of magnitude (= 10-° {cm which agrees with the data of work [4] ). There is satisfactory 
agreement on the order of magnitude by the coefficient at 7? (see, for example, [5] ). Of course, such 
a comparison must be made with great care, since it does not follow from the experiments that the 
residual resistance is not dependent on the impurities. However a separate investigation will be 
devoted to this question. Apart from this, at higher temperatures, when terms proportional to fifth 
power temperatures, begin to prevail, the value of the factor of proportionality is approximately three 
times lower than in Bloch’s theory, although the formula (3) becomes a Bloch formula. This decrease 
corresponds almost exactly to the calculations of Peterson and Nordhein [6] who, having calculated 
Bloch’s constant by Hartree’s method, obtained a value three times larger for the specific resistance. 

It can be noticed that the calculations carried out by us can be easily developed for other kinetic 
phenomena in metals, such as thermal conduction, thermoelectricity, for which one must also expect 
at low temperatures sharp deviations from the predictions of Bloch’s theory. 

In conclusion sincere thanks must be expressed to S.V. Vonovskii, Associate Member of the 
Academy of Science of the U.S.S.R. for his valuable advice and interest in the work. 


Translated by R.C. Murray 
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THE INDUCTION METHOD OF MEASURING THE HALL EFFECT IN STRONG 
IMPULSE MAGNETIC FIELDS* 
1.G. FAKIDOV and ZAVADSKII 
Institute of the Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 4 December 1958) 


When measuring the Hall effect by the classical method, a primary current from an external 
source is passed through a rectangular laminar specimen in a magnetic field. However in a variable 
magnetic field it is possible to use currents induced in the specimen instead of a primary current. 

A similar method was first used by Busch, Jaggi and Braunschweig [1], who employed induction 
currents from the switching on and off of a d.c. electromagnet. 

In this work this method is developed to apply to strong periodic impulse magnetic fields and 
materials with a high specific resistance (e.g. semiconductors). 

The specimen in the shape of a disk with radius 7 is placed in a coil, which generates the 
strong magnetic fields, perpendicular to the lines of force (Fig. 1). The variation in the magnetic 
field induces currents in the disk. With a high specific resistance and small disk thickness it is 
possible to disregard the surface effect and not to take into consideration the demagnetizing effect 
of the induced currents which simplifies the calculation considerably. 

In the case in question the density of the eddy currents can be calculated from the formula 


FIG. 1. Diagram for measuring Hall’s effect by 
the induction method. 


dB 
(1) 


where a is the specific conductance of the material of the disk. Using the general formula for the 
Hall effect, we obtain for the radial component of the electric field : 


1 aB 
E — 
2 dt 


Then the Hall voltage between the centre and the periphery of the disk is 
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Te 
4B 
0 


(3) 
Since the discharge has an oscillatory nature with a logarithmic decrement of attenuation 5 and a 
period 7, the magnetic induction varies according to the law 
where b = 5/T B= Bre! sin wt, (4) 
Then 
dB 
where tan ¢ = b/w. 
Using (1), (5), (3), we obtain an expression for the Hall voltage 
Rer2B?, + [sin (Qut + 9) — sin g]. (6) 
To calculate the Hall constant it is convenient to use the first maximum of the curve V,(t), when 
t= 1/8 
with this 
1 


It is more convenient to express V,, through the first maximum of the magnetic field B,, = B,e0/4 


Then 


: 
y 0? + 6? — sing) = — (8) 
where 
A=: (cos — sin ¢) = (1 —tang). 


It is easy to notice that A is a single-valued function of the decrement of attenuation 


The relations obtained were checked on a germanium disk 1] mm in diameter and 1 mm thick in 
magnetic fields up to 120 kg with A = 4.85 and w = 16,000 sec. The calculated values for the Hall 
coefficient were compared with the results of measurements made on a lamina of the same single 


| 
| VO! 
7 
| 19! 
By 
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crystal. The results of measurements on the disk agree well with those on the rectangular lamina. 
The method examined here can also be used with undamped variable magnetic fields. In this 
case taking b = 0 and ¢ = 0, we obtain from expression (6) 


(9) 


Vem — sin 2ot. 


Obviously with low-frequency magnetic fields and disks of negligible thickness the relations obtain- 
ed will be correct for metals as well. 


Translated by K.C. Murray 
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ON THE NATURE OF THE PLATEAU IN ISOTHERMAL HARDNESS CURVES OF THE 
ALLOY Al - Cu* 
N.N. BUINOV and V.G. RAKIN 
The Institute of the Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 2 July 1958) 


The following was discovered in the electron 
microscope investigation of the slip traces on the 
surface of the alloy Al-Cu (4 weight per cent Cu) 
[1] which had passed through the various stages of 
ageing atl90°C before deformation by extension. 
After ageing in the period 30 min-4 hr, i.e. in the 
time interval in which there is a lag in the change 
in hardness (a “plateau” in the isothermal curves 
hardness v. ageing time), the average distance 
between the slip traces and particularly the average 
magnitude of displacement in the trace remain 
almost constant but vary considerably on specimens 
aged outside this period (see Table 1). The magni- 
tude of the maximum slip in the trace increases a 
little, while with further ageing it falls sharply. 
Together with this the number of Guinier-Preston 


zones (G.P.) on the electron micrographs diminished. 


Such a phenomenon had been previously [2] observ- 
ed after the ageing of the alloy Al-Cu (4 per cent 
Cu) at 150°C for a period of time sufficient for the 
appearance of the plateau on the hardness v. age- 
ing time curve. 


The results of the investigations given above 
indicate the partial regression which takes place 
at the stage of ageing which corresponds to the 
platform on the hardness curve. This conclusion 
is confirmed by the constancy of the creep strength 
after ageing in the period 1.5 — 4 hr (see Table). 
The observed isothermal regression cannot be ex- 
plained either by the existence of critical size 
(G.P.) zones or by the two-stage decay as was done 
when examining the usual regression [3,4]. Obvious- 
ly the isothermal'regression must be connected with 
the redistribution and partial removal of the stres- 
ses in the alloy. As a result of this phenomenon, 
sections arise in which suitable conditions are 
created for the dissolution of the (G.P.) zones and 
the particles of the 6’-phase, and also sections in 
which zones and particles of the 0-phase become 
more stable. At a certain stage of decay the first 
process can dominate the second. 

The ordinary regression, probably, is also con- 
nected with redistribution and partial removal of 
stresses (which developed at low ageing temper- 


TABLE 1. 


Average B Magnitude of slip iH 


distance (A) 
between 
slip 
traces 


Creep 
strength 
(kg/mm?) 


Hardening stage 
Maximum 


| Average 


Beginning of 0.43 1850 11000 13.6 
hardness rise 0.32 800 5500 13.7 
Appearance of 
platform on 0,28 770 6500 15.4 
hardness curve 
Beginning of 
hardness rise 
after platform 
Maximum 0.17 150 2000 17.3 


0.39 760 7000 


atures) at the decay temperature. These processes, 
in their turn, lead to the partial, but by no means 
complete, dissolution of the (G.P.) zones, which 
was shown on the single crystals of the alloy 


* Fiz. metal. metalloved., 7, No. 4, 638-639, 1959. 


156 
VO. 
19 
Ageing | | 
time 
| 
30 min 
1.5 hr 
4hr 
12 hr 


Letters to the Editor 


Al-Cu [5] and the polycrystals of the alloy Al-Ag ed by the fact that with the deformation of the 
[6]. One of the authors had previously [7] indicated (G.P.) zone, the particles of the 0’- phase in the 
the possibility for the regression to take place ac- Al-Cu [8] partially dissolved also. 

cording to the system described, and this is confirm- Translated by R.C. Murray 
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THE USE OF A CONICAL COLLIMATOR WHEN SCANNING MICROSECTIONS * 
lu. K. KHUDENSKII 
The Ural S.M. Kirov Polytechnical Institute 
(Received 12 June 1958) 


The radiographic investigation of the microsec- 
tions of specimens prepared with additions of radio- 
active isotopes is one of the most wide-spread 
methods for studying inclusions [1]. 

However the preparation of autoradiograph of the 
specimens which have a small specific activity of 
soft 8 — y —emitters is very difficult. These dif- 
ficulties lead to the necessity for using different 
scanning devices with high-frequency data units, 
for example, collimated scintillation counters [2]. 

The present work was carried out with the aim of 
explaining the advantages of the conical or “focus- 
ing” collimator. It was suggested that the use of the 
conical collimator enabling the aperture of the pick- 
up to be increased raises the spatial selectivity of 
the device. 

The scintillation counter FEU-S with a Nal (T1) 
crystal and a single-channel analyser was used in 
the work. The preparations of 
with the help of which the collimator investigation 
was carried out were applied to a cellulose nitrate 
film fixed in a holder. The holder is moved by a 
micrometer screw. Collimators for the hard radiation 
were prepared from lead, for the soft, from plastic. 

The change in the counting rate was investigated 
in the function of the co-ordinates of the source 
through the axis of the collimator and in the plane 
perpendicular to it. Measurements were made with 
different levels of discrimination. Fig. 1a shows 
the curve of the counting rate with the movement 
of the source in the plane perpendicular to the axis 
of the collimator and enclosing the proposed colli- 
mator focus. The curves of Fig. 2 demonstrate the 
variation of the counting rate with the movement of 
the source through the axis of the collimator. Both 
relationships were obtained for the source of 
radiation of ®*°Co 0.9 mm in diameter, with an activ- 
ity of 0.05 p and for the lead collimator the dimens- 
ions of the working part of which are shown in 


Fig. 1b. 
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FIG. 1 a. The curve of the counting rate with the 
movement of the source in the plane perpendicular 
to the axis of the collimator; 
FIG. 1 b. The dimensions of the collimator: 
f’ = 20 mm; R = 15 mn; R, = 10.5 mn; 
h = 50 mm; a = 70 mm; r = 4.5 mm; r, = 3 mm; 


B = 12°63; a= 830". 
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K Virtual focus from 
to collimator focus 


FIG. 2. Variation in the counting rate with the movement 
of the source of radiation through the axis of the 
collimator. 
1 — with a low level of discrimination 
2 — with a high level of discrimination. 


An analysis of the data obtained makes it possible 
to form the following conclusions. 
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(a) On account of the increase in the aperture of crimination of the counting mechanism and by com- 
the pick-up the accuracy of discovering the emitters pleting a certain number of generator edges on the 
in the plane perpendicular to the axis of the colli- internal cone. 
mator for the conical collimator is higher than for the (d) Conical collimators from different materials 
cylindrical with an equal degree of diaphragming. can be used for the accurate determination of the 

(b) The accuracy of locating the emitters through planar topography of 8 — y —active microregions 
the axis of the collimator with comparable dimens- with the scanning of microsections. 
ions for the source and the aperture of the collimator The author expresses his gratitude to N.M. 
is small since the virtual focal length of the colli- Napol’skii who took part in the preparation of the 
mator is a function of the dimensions of the source. apparatus. 

(c) The accuracy of locating the emitters in- 


creases with a growth in the level of the pulse dis- Translated by R.C. Murray 
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THE THEORY OF DIAMAGNETISM OF THE ELECTRON GAS IN CRYSTALS* 
M.V. NITSOVICH 
Chernovitskii State Institute 
(Received 13 May 1957) 


The statistical sum for an electron gas in a magnetic field is calculated with an accuracy of 
up to H?, by means of Feynman path operator integrals. The magnetic susceptibility tensor of the 


electron gas is determined. 


1. INTRODUCTION 


As Landau [1] has shown, the diamagnetism of an electron gas is bound up with the quantization 
of the electron orbits in the magnetic field. Landau calculated the susceptibility of a free electron, 
finding the value of the energy of an individual electron in a magnetic field. Peierls [2] has shown 
that to calculate the magnetic susceptibility of an electron gas it is not necessary to know exactly 
the value of the energy of an individual electron in a magnetic field. This author [2] was able to 
calculate the diamagnetic susceptibility of strongly bound electrons. Wilson [3] generalized Peierls’ 
method for the general case of a zone electron, using the density matrix method. Wilson was able by 
this to separate the principal term of the diamagnetic susceptibility of the electron gas. However, 
the method he used made more difficult the systematization of all the terms of the fixed part of the 
diamagnetic susceptibility of the electron gas as a whole. In view of the fact that in several cases 
recently an anomalously large diamagnetism has been observed (e.g. in semiconductors), Adams 
[4] has produced a new derivation for diamagnetic susceptibility, using in his calculations Wannier’s 
wave function apparatus. 

In the present work a new derivation of diamagnetic susceptibility formulae is proposed, gene- 
ralizing, it appears to us, all the preceding ones. The method we have used is based on the direct 
calculation of the statistical sum by means of Feynman path operator integrals. In making the calcul- 
ation it was found useful to use the theory of movement of a zone electron in the K-presentation, as 
described in the monograph by Landau and Lifshits [5]. Using this it was found possible to find in a 
quite compact way all the terms of the statistical sum, which are proportional to H?, and the exact 
value of the diamagnetic susceptibility of the electron gas. 


2. DERIVATION OF SOME SUBSIDIARY FORMULAE 


In calculation of the Hamiltonian of an electron in the magnetic fieid we use the K-presentation. 
We will write the expression for the operators r and p in the K-presentation [5]: 


(2.2) 


where E(K) is the Hamiltonian of an electron in the absence of a field in the A-presentation, and the 
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operators G and are given by the relations: 


a Ou 
Qin = \ Un dx, 


9 > 
= — -(E,,— 
(2.4) 


We will examine certain properties of the operators {2@ and (2@ for the particular case of crystals 
possessing a centre of inversion, that is, crystals for which 


where V (r) is the potential of an electron in the periodic field of the lattice. 


We will write down an equation which is satisfied by the function U,, 


Vita — (ke v) + Vu, + Un = (2.6) 


Replacing in equation (2.6) r by —r and taking into account (2.5), we see that it is satisfied by the 
function U, ( — r)*, i.e. 


u (-— y 
If in the integral 


* Ou 
a 


we substitute r by — r, its value is unchanged 


and from (2.7) 


(r) 


Having used the definition 24, in (2.3), we may write the equation (2.8) in the form 


x. 


and taking into account the Hermitian property of the matrix 0%m, we find 


9 
V(r) =V (— (2.5) 
i ds 
(2.9) 
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(2.10) 


that is, for crystals possessing a centre of inversion, the matrix 2%, , is antisymmetric. From (2.10) 
if follows also that 


Qin = 0. (2.11) 


From (2.4) it follows directly that 2¢, , is symmetrical. Similarly it easy to show that for crystals 


having a centre of inversion, 2@,,, is an odd function of K. 
Several other relations were also used, which may be derived using the transposition relation 


between impulse and co-ordinate 


Substituting in place of p@ and 7B their expressions from (2.1) and (2.2), after a simple transformation 


we get 


he Ok, Ok, h 


dk, Oh, 


The two last terms on the right-hand side of (2.12) do not have diagonal terms, so for diagonal terms 
we get 
ih 


( OR, Oke (2.13) 


From (2.12) it is easy also to derive the following vector relation between the operators G and Q. 


2 


—> 
[2 Olen + [2 (En [Ve Q)am- (2.14) 
3. CANONICAL TRANSFORMATION OF THE HAMILTONIAN 


The Hamiltonian for an electron in an external magnetic field can be written in the following 
form: 


(3.1) 


where pis the operator of the impulse of an electron; A is the vector potential of the magnetic 
field; u(r) is the electrostatic potential of an electron in the periodic field of the lattice. If the ex- 
ternal field is homogeneous, and its intensity is 1, then we may take A as follows: 


(3.2) 


We substitute (3.2) in (3.1) and transform the Hamiltonian (3.1) from the x-presentation to the 


3 
Qim = — | 
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A-presentation by the change p?/2m + u (r) + E (k), using for the operators r and p the expressions 
(2.1) and (2.2), until the operator p is evaluated. Then in place of (3.1) we have 


Smec? 


We will divide the Hamiltonian (3.3) into four parts. In the first we will include terms in the zeroth 
power of the field, i.e. E (A), in the second zone-diagonal terms proportional to H, in the third non- 
diagonal terms proportional to //, and in the fourth terms proportional to H?: 


H, = £‘A), (3.4) 


H, = — one Vel) 


ie > = e <-> —>-—> 
— —-(H|[2 ——— 


+ 


8mc? 


The Hamiltonian (3.3) in the designations (3.4), (3.5), (3.6), (3.7) is equal 


H =H, +H, +H, + Hy. (3.8) 


It is very important to get rid of the term //, in the Hamiltonian (3.8) to get the statistical sum. 
With this aim we will make the canonical transformation 


H’ = exp SHexp”. (3.9) 


We will consider S proportional to H and in the expansion of the exponential in degrees of S we 
will limit ourselves to terms not higher than H?. Then from (3.9) we get 


H’ =H, +H, +H, i(H,S  SH,) +i (H,S—SH,) + 


We choose S in accordance with the aforesaid so that 
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i(H,S —SH,) + H, = 0. 


Using the formulae (3.4) and (3.6), we find the following expression for the operator S: 


= — (AE) (HN) + (| 


2mhe 


where the operators L and N are given by the equations: 


EN 
(3.14) 


The equation (3.12) determines only the non-diagonal elements of the operator S. We will fix it 
completely in such a way that the diagonal elements of S are equal to zero 


(3.15) 


We can prove with the help of certain of the formulae of section 2 that the mairix S,,, defined in this 


way is Hermitian. 
In calculation of the statistical sum we will need only the diagonal terms of the Hamiltonian 


(3.10), because we have got rid of the non-diagonal terms proportional to H. We will calculate it. 
Considering (3.15), (3.11), and (3.2), we find 


E(k) H, + Hy + (HyS — SH,). 
H’ = E(k) Hy Hy + (Ms 2) (3.16) 


Using the expressions (3.5), (3.6), (3.7), (3.12) and formulae from section 2, we get after some 
quite cumbersome calculations the following expression for the Hamiltonian (3.16): 


+35 — San) + 
ne? PE 


aa! 


mn 


-E Q\nm) [p 2] ma) (H [PQ] [2 | mn) — 


H nm) (H |p mn)| = (H nm) 


min 


(3.11) 
=! (EL — LE), 
[Supe] =— (3.13) 
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+ (H [2 Vz] mn) —— - 
hin 


hm 


(! jam (H ip | mn) Ver) | um) (H 


Eg — En) (H|2 lam) [2 Vz lan)- 


he? 


mon 


4. CALCULATION OF THE STATISTICAL SUM 


In calculation of the statistical sum we will use a method proposed in work [6]. This method 
allows us to calculate the statistical sum with a Hamiltonian consisting of two non-commutating 


parts. 
We have to calculate the statistical sum with the Hamiltonian (3.17). We will denote by 4 all 


terms contained in expression (3.17) except E (K), so that 


H’ =F (k) +H, (4.1) 


and applying the method given above of calculation of the statistical sum 


Z = spur exp (— 3H’) = spur fexp [—8 E(k)] exp + 
+3F, + (3), 


where 


F, (3) = spur | exp(—$H}) exp [(s — 1) (k)]D (3s) exp|— s9E (k)|ds, 
6 (4.3) 


1 
F (3) = spur | ds | ds, exp |(s— 1) GE (k)| D (6s) exp |(s, — s) 3E(R)] 


0 


D exp (k)|, 


(4.4) 


(4.5) 


D(8s) = exp (s3H;) |exp(—s$Hj), E (&)}. 


The square brackets in expression (4.5) denote the commutator. In calculation of the statistical 
sum we will limit ourselves, as before, to terms up to H?. Considering that, according to (3.17) and 
(3.5), of the terms contained in H1 only H, is proportional to H, and all the remaining terms are pro- 


portional to H?, we find that 


—E Hy) + 
+ (E H, —H,£) —(E H, —H,£) (4.6) 


1 
F, = spur exp |(s — 1) BE (&)| D (8s) exp [— ds + 


0 


1 
+ 8* spur \s H,exp(s— 1) 8E (k)| —E H,) exp |— s3E (k)| ds, 
0 
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1 Ss 
F, (8) = spur sds s,ds,exp |(s — 1) BE (k)| (H,E—E 
0 0 


exp |(s, — 9E (H,E —E H,) exp |— st 
From (3.5) we find 


Qnie 
H,E — EH, = — (H =0. 


Calculating (4.6), using (3.17) and (4.9), we get 


En P 
prey —_ Ok, 


D = —s8 = [H yzE,|) 


(2 |mn) + (A ham) (A [Pp 2|mn)| — ore nm): 


\ mn) Em —E, )(H [2 nm) (H [2 |mn)) 


From (4.8) and (4.9) we find that F, (8) = 0 substituting (4.10) in (4.7), we determine F’,({), 
expanding the first term in (4.2) in powers of // and finding the expression Z. Simplifying certain 
terms by intergrating by parts, we have finally 


n 
men 


im) (H [p Ban) — 


5. CALCULATION OF THE MAGNETIC SUSCEPTIBILITY 


Magnetic susceptibility is a fourth-order tensor which may be expressed by a second-order 
tensor 


] 
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Xpy can be expressed by the formula 
OH, OH, (5.2) 


where {) is the thermodynamic potential, which is expressed by the classical statistical sum in the 


following way [7] : 


3+ 


| 


(5.3) 


Using the expression for distribution function [7] and formulae (5.2), (5.3), and (4.11), we find 
the following result for magnetic susceptibility: 


Xp = | dk + Ok, Oke Ok, Ok,» + 


“Py 4n 12 


ou’ 0 


2 
of OE OEn n OUn d 


+ [P — ———— [P Blinn + 


men 


mn 
pl’ [8 of m (D 


men 


> ne2 0 
men 


+ [2 (2 Jun). 


Summation must be carried out with respect to indices met with twice. For the particular case 
of a crystal having a centre of inversion, using formulae (5.2) and (5.3) and certain formulae of 
section 2, we have the following expression for magnetic susceptibility: 


met df @E, OE, 0E 
dky| ,+8 3, , n 
n 
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mon 


For a cubic lattice all non-diagonal components of the magnetic susceptibility tensor are equal 
to zero, and diagonal components equal to each other, so in this case the tensor reduces to the scalar 


de? Ok, Oks | 


OUp |? OE n Fal Olly 


‘Ok, 


4mc? , 


i —> 


m#n 


m+n 


The index y denotes the axis of the crystal along which the magnetic field is directed, and a 
and B the two other axes. 


6. CONCLUSIONS 


1. A method is used in calculation of the statistical sum based on path operator integrals, 


whence an expression is derived for the fixed part of the magnetic susceptibility tensor for an 
electron gas. 


2. The tensor consists of the following parts: 
(a) the principal part, corresponding in the isotropic case to the formula of Peierls and 


Wilson [3] (page 102, formula (178) ); 
(b) the part 


n Ou 


analogous to the “atomic diamagnetism” which is a generalization of Wilson’s formula [3] for the 
anisotropic case; 
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which, evidently, is less than the principal part due to the presence of the coefficient 


“ cu, 
\ Ok, OR, e 


This coefficient is small, due to the weak dependence of u, on K; 
(d) a part containing the terms 


> 


[29 


which are connected with the spontaneous orbital momentum of the zone electrons. It appears that in 
all real cases these terms are equal to zero, as for example in the case we have examined of crystals 
possessing a centre of inversion; 

(e) a part containing terms for which summation cannot be carried out, of interstitial interzone transitions. 
We may assume that all these terms are small, but in the general case we cannot evaluate these terms. 
Such an evaluation for a separate particular case will be carried out in another work. 

I would like to express my sincere thanks to Professor A.G. Samoilovich for his guidance and help in 


carrying out this work. 
Translated by D.G. Noel 
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THE IDENTIFICATION OF STATIC DEFORMATIONS IN THE CRYSTAL LATTICES OF 
SOLIDS FROM DECREASE IN INTENSITY OF THE X-RAY DIFFRACTION LINES* 
M.A. KRIVOGLAZ 
Institute of Metal Physics of the Academy of Sciences of the U.S.S.R. 

(Received 28 May 1958) 


For the X-ray identification of deformations of the third sort, a widely used formula is 


=|fPlexp igo = (1) 


Here / is the intensity of the correctly examined reflection; fis the average atomic scattering 
factor; e ~/ is a factor giving the weakening of intensity, due to the deformations; g is the differ- 
ence between the wave vectors of the reflected and incident waves, corresponding to the reflection 


examined 


where A is wavelength, 0 is the scattering angle); SR is the displacement of the atom from the corner 
of the ideal (“mean”) repeating lattice (a line over an expression denotes averaging over different 
configurations of atoms). 

In development of formula (1) the assumption is made that the displacement probability distri- 

> 

bution 52 is normal (Gaussian). If the displacement of the atoms is due to thermal vibration in a 
crystal made of atoms of one kind, as in the frequently used harmonic model of a solid, this assump- 
tion is justifiable, evidently, and formula (1) is applicable. However for static displacements of 
atoms, for example displacements due to differing atomic radii of components of a solid solution, 
contrary to the often expressed opinion, the displacement probability distribution is not normal.t 

We will suppose that 62 in a binary solution A — B can be considered in the form of the sum of 
statistically independent components, corresponding to atoms of the first and second kind in different 
corners of the lattice. 


sR= LR, 


S#9 


* Fiz. metal. metalloved., 7, No. 5, 650-657, 1959. 

t As a reason for the assumption of the applicability of the normal distribution to static displacement some- 
times [1] 5R is presented in the form of the sum of a great number of displacements created by different de- 
formations, and reference is made to the central limit theorem of probability theory. However, in order that 
this theorem be applicable, it is necessary that the investigated quantity be divisible into a large number 
of statically independent components. It is also essential that the probability that any separate component 
makes up a Significant part of the sum is small, and no group of components may be “predominant”. This 
condition imposes the demand that the dispersion of the sum tends to infinity (if the dispersion is not infinite- 
ly small. See, e.g., [2]). The latter condition, however, as is easily seen, is not satisfied in the case 

(continued on the next page) 
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(the atom we are examining is at the zero corner). This assumption is justified for weak solutions, 
when the concentration c, of the impurity atoms is small, and approximately correct for arbitrary 
concentrations, if the atoms are randomly distributed in the lattice corners (ideal solution), when 
the effect of the remaining atoms on the displacement of the zero lattice site due to the sth atoms 
may be neglected. For a substitution solution the quantity 5R,has the values: 


= 


where the indices A and B characterize the sort of atom in the zero comer (the substitution of which 
is being examined), and the indices ] and 2 characterize the sort of atom in the sth corner. First we 
will examine the case when the condition is fulfilled that 


(this condition is necessary in order that Vegard’s law is satisfied, i.e. in order that the lattice 
constants vary linearly with composition). Since in the formula below the quantity u comes in only 


in the form of differences 


> 


- ~ 
UW, = — 4, go U, ,,and 22 (a= A, B) 


we can drop the index a. For weak solutions the condition outlined is not essential if the direct 
contribution of impurity atoms may be neglected in the amplitude of scattering 


CAN K 


and if we may take it that the only effect of the impurity on scattering is that due to the deformations 
of the lattice. In this case 


> 
= U, By —U, 
The condition 


Oh, 


is usually well satisfied for intrusion solutions, since the intrusion atoms have a small atomic 
scattering factor, and their concentration is not large. In this case the index s refers to the inter- 
stices around the lattice point being examined; c, gives the relation between the number of intrus- 
ion atoms and the number of interstices; 


~ 


is the displacement of atom B at the zero lattice site caused by the atom A at the sth interstice. 
Below is briefly examined also a more general case, when 


> 


ay — 4s ao — 4, Bo: 


(continued from previous page) 
examined, in so far as the displacement of atoms sufficiently decreases with distance from the defect 
(inversely proportional to the square of the distance) for the role of those defects to the atom examined 


to become dominant. 
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If the above-mentioned assumption about the possibility of presenting 6 5R in the form of a sum 
of statistically independent components is satisfied, then the probability 5R are described by a ge- 
neralized binomial distribution, and the mean of exp ig 5R breaks up into a product of means, corres- 
ponding to the different values of s, and evaluation of e —/ is simple 


= TT] |e, exp (ig + cy exp (ig 
s/0 
= €xp » In [1 + (cos 4,9 — 1)]. 


s#+0 


Here c, = 1 — c,. Formula (2) simplifies in different limiting cases. For slight! deformed lattices 
and a not too large index of reflection (small q), expanding (2) in powers of u,g, we have 


| ‘ 
L = (ug)? (1 — (,9)'-+ ... = C1009? — 


s#0 s#0 


(1 — (Cs +93) ps + 


s#0 


+ 6 (924) + 9:92 +45 gz) p> Usy| +.. 


s#0 


The last part of the formula is written out for cubic crystals. For a sufficiently small q in a slightly 
deformed lattice, when we may retain only the first term in (3), the expression for e~/, as we should 
expect, coincides with expression (1). However, the presence of a second term in (3), (and following 
terms) leads to a deviation from the exact formula for e —/ from (1). Here the expression for L con- 
tains not only squared terms in u,, but also terms to the fourth and higher powers. The correction 
due to these terms must lead to the deviation of the L — q? graph from the straight line which corres- 
ponds to formula (1). In the absence of squared terms in q, the term in fourth power of q depends not 
only on the length of vector q, but also on its direction in reciprocal space for the lattice. Therefore, 
the factor e —/ may differ somewhat for lines with a similar sum of squares of indices. 

For large values of q the expansion (3) begins slowly to converge. The convergence of the ex- 
pansion may improve significantly, if in the summation (2) we exclude several of the first spheres of 
co-ordination and make the expansion in Us q only for lattice points lying outside these spheres; 


In [1 + (cos ug— 1)] + — 


S#9 


| 9 
55 (1 — 6x02) + 


Ss 


where the superscripts (1) and (2) denote that the summation is carried out for sites inside the 


excluded spheres of co-ordination, and outside them, respectively. 
We will further examine an asymptotic form of the expression for L for large q and a very dis- 
torted lattice. For simplicity we will limit ourselves to the case of small concentrations (c, < 1), 


when in agreement with (2), 


L = 2c, (1 —cosu.g). 
s#0 (5) 


For an appreciable separation of the point examined from the point defect, lg varies with the 
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separation r, according to the asymptotic law 


where @ and ¢ are spherical co-ordinates and é, is a unit vector parallel to u,. Let us break down 
the summation in s into two sums in such a way that the terms in the second sum satisfy the above 
asymptotic law, and in addition in this sum make it possible to replace the summation by an integra- 
tion with respect to the space outside a sphere radius rp. 

For a sufficiently large value of g, when the condition 


2 
ro 


is satisfied, carrying out the integration, we get 


(1 —cos 9) 4 2c Ag *. 


S#0) 


(6) 


Here in the general case 


q 


39 
IC (A, ?sintdAdoe 


(v is the average volume of an atom in the crystal), that is A depends on the direction (but not on 
the length) of the vector q. In the isotropic case, when | C (©, d)| = C independent of 8 and ¢ and 


Von 


A 


Since the first term in (6) is limited, for large q the value of L increases asymptotically proportional 
to g3/2(and not proportional to g?, as for small q). It should be noted that in uniform solid solutions 
for values of g normally used experimentally this limiting case is not attained. However, it can take 
place in ageing alloys at the initial stages of the ageing, when appreciable local deformations of the 
lattice can arise, with large groups of atoms trapped round the nucleus of a new phase. 

In evaluation of the magnitude of the effect due to deviation from formula (1), we use a model 
[3] according to which displacement of the atoms is determined in the neighbourhood of an elastic 
isotropic continuum. Here for replacement solutions, and also for intrusion atoms situated in suffici- 
ently symmetrical interstices (for example in the octahedral holes of a face-centred cubic lattice). 


where 5 is Poisson’s coefficient. Substituting this expression for us in (3) using the values of the 
resultant summations, calculated for replacement solutions in [4], we have 


3 
L = | ] ov hi (1 — 6c, Cs) - 


l—o« 


i= 
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v Oc, 
i<j=1 


where h,, h, and h, are the Miller indices. For replacement solutions with a face-centred cubic 
lattice: a, = 0.0587, a, = 0.876, a, = 2.46. For a body-centred cubic lattice: a, = 0.0932, a, = 2.04, 
and a, = 7.02. From which it follows that for uniform replacement solutions, corrections to L due 
to deviations from a normal distribution are very small. Thus, for example, if 


v 


i.e. in a very distorted lattice), then for a large index of reflection (800) and a body centred 
lattice the first term in formula (7) equals 0.46, and the second term equals 0.0026 and makes up 
only 0.6 per cent of the first. Thus calculations of L in a series of works [1,3] by formulae of 
type (1) are, in this case, vindicated. 

An appreciably greater effect in replacement solutions may be expected in cases where impurity 
atoms or other defects (e.g.. vacancies) collect in groups. Such groups are formed in the initial 
stages of ageing (it is supposed that a coherent bond is maintained between the nuclei and the 
matrix phase), or an irradiation of a crystal with fast particles. Here, if the number of particles in a 
spherical group equals n, then for c < 1 the first term in formula (3) or (7) for large n grows in 
proportional to n ¥3, and the second term in proportional to n 4/3. So in formation of such groups, 
together with a general growth in L, there must appear sharp deviations from formula (1). 

In intrusion alloys the lattice around the intrusion atom is normally strongly distorted and the 
corrections due to the variation of the displacement probability distribution from a normal distribu- 
tion plays a much more important role than in uniform replacement solutions. For intrusion atoms 
in the octahedral holes of a crystal with a face-centred cubic lattice, making the summation in 
— (3) with respect to s, we came to formula (7) with values of the constants of a,= 0.095, 

= 13.0, and a, = 0.526. 
For 
=0.05. 3=03,- 


(this value approximately corresponds to the relation between the lattice constants of austenite 
and carbon concentration) and for the reflection (800), the first term in (7) is equal to 1.0, and the 
second term 0.22. For the reflection (553) with almost the same sum of squares of indices the 
correction is equal to 0.08. Thus for large indices of reflection in such alloys the correction can 
add up to 10-30 per cent of the value of L. An even larger effect may take place due to these 
corrections in cases where in the interstices atoms of basic elements intrude (such defects may 
arise in the irradiation of crystals by fast particles). Thus, for example, for atoms of Cu, intruding 
in the interstices of a copper crystal, the displacement of atoms nearest to the intruder, according 
to results of the work [6] is equal to 0.1 d (d is the > length of side of the cubic unit cell). This means 
that even for the (200) reflection for certain atoms u,g ~] and retention of the first term only in ex- 
pansion (3) in powers of sq even for small indices leads to an appreciable error (~ 20 per cent). 
For reflections with large indices it is essential to use formula (4) in calculation of L. 

A similar large distortion takes place with intrusion of foreign atoms in the interstices of 
body-centred cubic lattices. Thus, for example, for martensite (in agreement, evidently, with the 
somewhat low results of [7]) the displacement of two Fe atoms neighbouring on a carbon atom is 
about 0.1d. This means that even for the (002) reflection use of formula (1) can lead to significant 
errors. Therefore to determine L in the case of such solutions formula (4) should be used, having 
taken out of the first sum of this formula the first two spheres of co-ordination around the intrusion 
atom. The displacement of the remaining atoms we determine using the proximity of the elastic 
isotropic continuum, considering that the presence of the carbon atom leads to the creation of two 
opposing forces parallel to the OZ axis and applied at infinitely close points (for the first two 
spheres the proximity of the continuum in this case clearly is not applicable and the displacement 
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of these atoms u, and u, will be considered as variables in the theory). In this model 


2 > 
z 


(here €, is the unit vector parallel to the OZ axis). Cf. results of the work [8]. According to results 
of the work [4], for c, < 1 the value of L for this is equal to: 


— cos hg (1 — cos 2x hy cos hy + 


— 8,06 + 2.2354) + 


1—a)#(1—2s)! \ vu de, 


+ 0.074 (Aj + — 107 (1 — ( 


- [(1,76 — 8,825 + 16,92? 14,903 + 5,153*) + 0,0041 (Aj + h3) + 
+ (0,223 — 0.629 + 0.4663%) h3 (hi +43) + 0.01054; 43] +... 


Taking into account that for martensite 
| 
v OC, 


[9] and putting 5 = 0.3, c, = 0.45, we get that for the (002) reflection Loo, = 0.7 + 0.17 (the indeterm- 
inacy + 0.17 is due to the fact that the value of u, is not known). It has been found experimentally 
that Loo. — L410 = 0.7 [10], which is in qualitative agreement with theory. By selecting values of 
u, and u, it would be possible to get a more detailed agreement of theory and experiment, however, 
for such a rough model a quantitative comparison of theoretical and experimental results for 
martensite would scarcely be expedient. We note only that the first two terms in formula (8) with 
reasonable assumptions about the magnitude of u, and u, leads to a significant deviation from 
formula (1), even for a small index of reflection. In development of formula (8) it should be noted 
that in martensite, intrusion atoms may only be situated in one-third of the orientated interstices 
in a fixed manner. For other intrusion solutions with body-centred cubic lattices, when the intrus- 
ion atoms may be situated in all the interstices with equal probability, the expression for L may be 
found by calculating the arithmetic mean of three terms derived from (8) by cyclic permutation of the 
indices h;. 

We will examine now the general case, when the assumption made at the beginning of this work, 
that 

~ > 


Us ar 4s ao = 4, By — 4s Bo 


is not true and the concentration of impurity atoms is not small. In this case there are additional 
grounds for the breaking of formula (1) due to the fact that the mean squares of displacements of 
atoms A and B are not the same, and the weakening of atomic scattering factors due to deforma- 
tions will be different for different sorts of atom. Therefore, (even if effects due to deviation of 
the probability distribution OR from a normal distribution, could be neglected) the intensity of 

normal reflection for this case for replacement solutions would be determined not by formula (1), 


but by a formula of the type 
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* 


i~leyf,e Of, exp — 


where BR, and 6Rp are the displacements of atoms A and B. If the mean square displacement of A 

and B is the same, then formula (9) becomes formula (1). These formulae also differ a little for small 
concentrations of one of the solution components when c,f4 <c.fp (here Rp now takes the place of 
dR in formula (1), and f= fp), for small values of q and close f4 and fp (f4 = fg = f), (here in place 


of Ch R)? stands 
(78 Ry)* +05 (93 


However for appreciable concentrations of the components and large values of g (or for large differ- 
ences between f4 and fp) for widely differing 


ad 


(@R ,)? and (R,,)? 


formulae (1) and (9) can lead to substantially differing dependences on g. These effects may be 
particularly marked for replacement solutions, for which the concentration dependence of the lattice 
constants strongly departs from linearity. In the case of crystal lattices having different types of 
lattice sites (ordered structures, intrusion alloys) it is necessary to introduce a weakening factor 
e—- for each kind of site (cf. [5], which also leads to modification of formula (1). In the general 
case when 


> > 


Us ar ao = 4, Bt — 4, Bo 


and at the same time there is a substantial deviation of the probability SR from a normal distribution 
the quantities L4 and Lp in (9) should be calculated according to formulae (2) - (6), substituting 
the differences 


> 


—4U, no and UW, po. 


respectively for u,. 

In conclusion we should note that the evaluations given above (formulae (7), (8) are rough, 
since in the calculation no consideration was given to the anisotropy and atomic structure of the 
crystal (consideration of the atomic structure could be conveniently made by expanding the displace- 
ments in a Fourier series, as in the work [5]). However, this evaluation shows that in strongly dis- 
torted lattices (i.e. in intrusion solutions, in ageing alloys, in crystals subjected to irradiation by 
fast particles, in crystals containing groups of vacancies etc.) for large values of g (i.3. for large 
scattering angles in hard radiation) there must be observed significant departures from formula (1), 
due to the variation of the probability distribution of 5& from a normal one. These effects must lead 
firstly to a deviation from a straight line on the L- q? graph, and second to a different magnitude of 
such deviations for lattice points lying on different straight lines in the lattice reciprocal space. 

The deviation from linearity may be small, and in a sufficiently large angle of scattering 
interval the L - q? relation may well approximate to a straight line. However, the slope of the line 
in different, sharply differing, angle of scattering intervals, or for different wavelengths, will be 
different. It is possible that this condition may be connected in certain cases with differences in 
the mean square displacements of atoms, determined for different \ according to formula (1), 
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observed in a series of works [11], 12]. Displacements calculated with formula (3) turn out smaller 
for harder radiation. In this case, when the observed effect is connected with the deviation from 
formula (1) observed here, the mean square displacement is determined by the slope of the L—q’ 
relation for small gq, that is for long wavelengths. This difference between calculated and exper- 
imental results for the mean square displacements in separate cases may, of course, be due to 
other circumstances, for example to non-uniformity in the distribution of defects about the 
specimen [12]. 


Translated by D.G. Noel 
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THE THEORY OF COLLECTIVE EXCITATION OF A SYSTEM OF ELECTRONS IN A SOLID* 
G.I. GUSEVA and G.G. TALUTS 
The Gor ki State University of the Urals 
The Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 23 June 1958) 


By a collective co-ordinate and impulse method the spectrum for collective excitation of an 
electron system in a solid is investigated. Two different branches of the energy spectrum result, 
one of which corresponds to plasma, and the other to exciton vibration. 


As we know, in the electron system of a crystal under fixed conditions, there can exist differ- 
ing forms of collective excitation. To such excitations, in particular, belong plasma [1] and exciton 
[al vileteone: Both these types of excitation are connected with harmonic fluctuations in electron 
density, arising as a result of interaction between the electrons. To purely plasma vibrations one 
may apportion those collective vibrations in which electrons belonging to one or another energy 
band participate. In this case the collective movement of the electrons has much in common with 
the ordinary Langmuir vibration of a free electron gas. If the collective excitations are connected 
with transitions of electrons from one band to another, then such excitations of electron density 
may be apportioned to exciton vibrations. For weak interaction between electrons these excitations, 
as we will see, correspond to Frenkel excitons. It should be noted that such a definition of plasma 
and exciton vibrations is more easily connected up with the formal side of the method than with real 
transitions of electrons, since in taking into account the interaction between electrons, single- 
electron zone theory is inadequate. However, if Bloch single-electron functions are taken as the 
analytical base functions in going over to the idea of secondary quantization, then we may consider 
that the matrix elements which are dependent on the functions of a single zone describe the “transi- 
tion” of electrons within the limits of a single energy band. Analogously, if the matrix elements 
contain wave functions of different zones, then they describe “transitions” of electrons from one 
zone to another. Here, as we shall see below, the transitions of the electrons in one and the same 
band give the basic contributions to the energy of plasma vibrations, and transitions between bands, 
to the energy of exciton vibrations. 

Plasma vibrations of a system of electrons in the space-periodic field of a crystal are treated 
in works (3, 4]. 

In the approximation of the effective mass method the frequency of plasma vibrations is given 
by the expression 


4m*2 


m* 


2 
ot = _ cp?) + 


where m* is the effective mass; n is the density of the electrons taking part in the collective 
motion; K is the wave vector of the plasmon; < p;? > 1s the mean value of the square of the momentum 
of the /th electron; A is Planck’s constant divided by 27. 

The exciton vibration spectrum, within the framework of the polar-exciton model developed by 
Shubinyi and Vonsovskii, has been examined in a series of works (see, e.g. [5, 6] ). It was shown 


* Fiz. metal. metalloved., 7, No. 5, 658-665, 1959. 
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that the energy spectrum of the excitons has the form 


where AE is the width of the gap; ais a parameter connected with the effective mass of the exciton. 
We note that both plasmic and exciton vibrations are subject to Bose statistics. 

Vibrations due to transitions both within the limits of a single energy band and between bands 
are investigated in work [7], in which it was shown that the frequency of the collective excitation 
consists of two components, corresponding to intrazonal and interzonal transitions. A similar pro- 
blem was examined in the work [8], in which to separate elementary excitations a collective co- 
ordinate and collective momentum method proposed by Tomonaga was used. This method allows 
examination of both plasma and exciton vibration in succession within a single scheme. 

In the present work, by the collective co-ordinate and collective momentum method the problem 
is examined of the excitation spectrum of the electron system of a crystal, taking into account both 
transitions inside and between the bands. In this the connexion is explained between plasma type 
vibrations and Frenkel exciton excitations, particularly important in semiconductors, where both 
types of excitation play an important role. 

We will write the initial Hamiltonian for our system in the secondary quantization presentation: 


VO! 
H = L (a2’) ata, OF (24%; %1 22) ax ara’. 
(3) 19! 


Here a*, a, are the Fermi-operators of the electrons, and L (aq ) and F (a,a,; a’,a’,) are the matrix 
elements of the additive and binary type. As the base system of the functions ¢g (r), in which the 
expansion is made, any totally orthonormalized system may be chosen. Choice of this convenient 
system of functions, as we will see below, is conditioned by the character of the excitation examined. 


Let us introduce as collective co-ordinates the Fourier components of electron density 


N 
= exp [—i(kr)], ( +0). 


The operator of the impulse, corresponding to the co-ordinate P, , according to [9], has the form 


— —— )expli(kr, 
ar; 2 (5) 


In the secondary quantization presentation the collective variables will be given by the expressions: 


pe = ny =— ih (29') at ay, 
aa aa? (6) 


\ (r) exp li (er) ( 
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E(k) =4E (2) 
(4) 
|| 
| ©,(r)exp [—i(kr)| o0(r) dr, 
V N e 
or 2 
(7) 


Collective excitation of a system of electrons in a solid 


Let us introduce the new operators: 


an? 
as aye = bi (02!) a a 


an? 


Using the commutation relation of the operators p; , and nh k» it is easy to show that the operator 
b and ml are subject to the Bose-Einstein commutation relation, upon which the matrix elements 


Py (aa’) and pj}, (aa’) satisfy the condition 


{eg (22!) — pf (20")} ag, = 
at a1 


We will now change the Hamiltonian (3) to the new variables (8). For this we present the operator 
VOL. (3) in the form of a series 


k k 


—k 


Such an expansion of the Hamiltonian is similar, as we know, to the expansion of functions in 
a power series. For small deviations of the system from the ground state it is sufficient to limit 
ourselves to the first three terms only of the series. The coefficients of the expansion are given 
by the formulae: 


k 


All the expansion coefficients are averaged with respect to the ground state, which is taken 
as the state when collective excitations are absent. For small deviations from this state and 
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examination of long-wave excitations only, the principal terms in the Hamiltonian (10) will be the 


terms in b; b> squared. Solving the explicit form of the expansion coefficients, we get the follow- 
ing expression for the collective excitation Hamiltonian: 


Here L, and Ljare certain combinations of the matrix elements L(aa’), p(aa’), p “(aa’); G(K) is the Fourier 
component of the kernel of interaction between the electrons. Note that in calculation of the expans- 
ion coefficients we neglect exchange effects. Diagonalization of the Hamiltonian (12) is carried out 
by normal methods [10]. The collective excitation energy turns out to be equal to 


= (44 (C+ G(k))}"2, (13) 


A= Gea’) — L (aay) by: (39) ( 


9 


IL (a,a') (2’x') —L bg (2,2')| (a2,)| ( ae 


bj” (2'2,) —L (2’2,) (2,25) — 
L ("2") (4,2°)| (an)| Cat 


Let us go on now to examination of excitations in various concrete cases. 

We will examine first the simple case of collective excitation of electrons within a single band, 
the minimum energy of which is found at the point y = 0. Here, however, we will consider that in 
such a system individual movements can take place, due to both intrazonal and interzonal trans- 
itions. 

As the base system of functions in this case it is convenient to take the Bloch functions used 
in work [11] 


Lav = Uno (r); 


where x is the reduced quasi-momentum of the electron, and Uno(r) i is the periodic part of the 
Bloch function at y = 0, the sign n gives the number of the band. 

The system of functions ynx is complete and orthonormalized. If we consider that the relative 
changes in the potential energy of interaction between the electrons (its distant part) within the 
limits of the unit cell are small, then the Hamiltonian of the system in the effective mass approxi- 
mation can be written in the form 


H=£, + Gk) (16) 
nx 
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where €, (x) is the characteristic value of the Bloch equation. We note that the Hamiltonian (16) 
does not contain explicit terms due to transition of electrons from one energy band to another. In 
passing, in the similar development in work [11], possible individual interzonal transitions, which 
as we will see make a certain contribution to the frequency of the plasma vibrations, were consider- 


ed with an accuracy up to terms of the order of y?. 
Using the explicit form of function (15), we find the following expression for the coefficients A 


and C: 


A = +8) -k) — (x)} ( 


nn 


C= Pan, (fn, (« —k) -é, (x)) ( Anx ) 0 + 
x~—- (en (x k) — En (x)) ( Qnx Qnx ) ’ 


Q eno Un,o 


If in the ground state the electrons fill the bottom levels in the lowest (n = 0) and, then 
expanding ¢, (X) in a series, we have for E?, according to (13), the following expression 


E2(k) = }- 


2h? Pon)? (En (x k) — (x)) Nox 


xn 


= (24 (x). (18) 


The first three terms of expression (17) fully coincide with the expression for the square of 
the frequency of the plasma vibrations (1). The last term in (17) is a correction to the plasma 


vibration frequency due to interzonal individual transitions. 
Thus the plasma vibration spectrum in this case, when collective transitions within a single 


* If the crystal has a centre of symmetry, the periodic part of the Bloch function satisfies the relation 


u,(k, — r) 


and for the momentum matrix elements we have the relation 
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band play the principal role, basically coincides with the vibration spectrum of a free electron 


plasma. 
It is easy to generalize the above example for the case of a more complex band, when the 


energy minimum is at the point Y= Xo- 
We will choose an orthornormalized system of single-electron functions in the form 


For the momentum matrix elements, as before we have the relation: 


* 


Pan = 0, Pan, = Pan = Fan, 


The Hamiltonian (15) then takes the form 


H = Ey, + En (x, + x) +N G(k) Pp P_p’s 
nx k<k, (20) 
where €, (Xo) is the Bloch energy minimum in the band. For the square of the collective vibration - 


energy we have 


E*(k) = + - 


Nay 


2h? 


m*N (e, Pon)? (x + %)) No do 


xn 


There is a similar relation for vibrations near each energy minimum. 
We will now examine collective excitations due to both transitions within a single band and to 
interzonal transitions. As the system of base functions we will take the Wannier function 0, (r) 


which is a fixed linear combination of Bloch functions 


bmn = exp (ix m) bm: (7). (22) 


x 


Here m is the co-ordinate of the lattice point, and n is the set of quantum numbers giving the state 
of the electron in the lattice. We will consider that n takes on two values, 0 and 1, characterizing 
normal and excited states. In semiconductors, for example, the valence band and the conductance 
band states will correspond to these two states. As ground state of our system we will take the 
state when none of the electrons is excited (n = 0), and they are all distributed equally about the 
points of the crystal lattice, that is on the average there is one electron at each lattice point. 

Introducing the Wannier functions into the matrix element of the additive part of the 
Hamiltonian (3), it is easy to see that 


L (mn; m'n’') = (x) exp [ix(m—m’)] 


x 
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For the matrix elements of the operators p; and 7, we will assume that they satisfy the follow- 
ing inequality: 


pe (mr; pp (md; md’), m’)) & pk (mi; mi). (24) 


This assumption in some ways is equivalent to the ordinary approximation of little overlap of the 
electron wave functions of adjacent lattice sites. Substituting the explicit expression for the matrix 
elements in (13) and carrying out the summation with respect to m and m, we get the following 
expression for the collective vibration energy of the electrons: 


E* (R) =4 [Wo (A) C C_ioo + Wor Ci C 


[Wo (k) Cz, + )| 


ky ey (x ox (x +2) —ax(s)| GRAZ 


x 


Ch (OA, OX’) = (0A, Oh’). 


In the case where Cons = Cio: = 0, that is, no collective transitions from one band to another 
the vibrations have plasma character, and the square of the frequency of these vibrations is equal, 


from (25), to 


=2Nh~? Woo (2) Cx G (k) (26) 


or in the effective mass approximation 


expression (26) coincides with the principal term of formula (18). We note that m* is either the 
effective mass of an electron or of a hole according to whether the zone is almost empty or 
almost full, i.e. according to whether the expansion is made according to the formula 


h? 72 
(x) =E,+ 


or to the formula 


25 
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If there are no transitions within a band in the system, the square of the frequency equals 


= 4a Wor (R) ® + 247 Wo, (4) con) 


The second term in (27) coincides with the corresponding expression for the square of the frequency 
of collective excitations (interzonal plasma vibrations) derived in work [7]. 
Using (9), it is easy to show that for small K there is the following approximate equation 


k01 


> 
C2, ~1. 


In this case formula (28) may be written in the form 


VOL 
= NG (R) = 


py j ¥o (r,) + h) ® (yrs) (re +A) exp (kh); 


® (r,r,) is the energy of interaction between electrons. If the interaction between electrons is weak, 
the frequency of vibration is approximately equal to 


(30) 


This expression coincides with the frequency of the Frenkel exciton vibrations [2, 6]. 
In the general case, when transitions take place both inside bands and between them, the square 
of the frequency of collective vibrations, from (25), taking (28) into account, has the form 


w® = 2h-°NW,,, (2) G (k) + Wa (A) + 
4h-"W 00 (k) (2)\Crool? \Ceo1?. 


Thus the collective vibration spectrum, on taking into account the possibility of electron transitions 
from one band into another, consists of a series of energy bands, each of which is due to a definite 
type of excitation of the system. In experiments studying the scattering of fast charged particles 
passing through crystals, as a rule several absorption lines are observed. One of these lines in a 
series of cases can be tied up with pure plasma vibration of the electron system [1]. The presence 
of the remaining lines, as our calculation shows, can be attributed to other types of excitation. 


Translated by D.G. Noel 
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In non-ferromagnetic conductors the appearance of a transverse temperature difference is 
sometimes called the Rigi-Leduc phenomenon and obeys the relation 


the relation 


where H, is the strength of the external magnetic field; K is coefficient of thermal conductivity; 
S is a constant characteristic of the substance. 

In ferromagnetics the Rigi-Leduc phenomenon has so far been insufficiently studied, and there 
is no theory for this phenomenon. 

With the help of methods, used earlier for the classification of other electromagnetic phenomena 
(see, e.g., [1,2] ), we will try to give a qualitative explanation of the Rigi-Leduc phenomenon, using 
results en the s-d exchange model of a metal proposed by Vonsovskii [3], and taking into account 
the spin-orbital interaction of the conductivity electrons and ions. 

We will assume that the quantity 57/dy is made up of a “normal” part (67/dy)y, dependent on 
the magnetic field H, and an “abnormal” part (67/5y);, dependent on the intensity of magnetization 
of the specimen. The present account relates to the second (“abnormal”) part. 

First we will consider the conductor a single-crystal, a domain magnetized along the Oz axis. 

The stationary condition for the s-electrons on taking into account the temperature difference 
along the Ox and Oy axes and the spin-orbital interaction (see [2,4] ) takes on the form 


wt 
Ba ,, of a 
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Transverse temperature difference 


We will neglect the electric field which appears, considering it to be small upon appropriate 
choice of experimental conditions. The relation (4), as should all the symbols contained within it, 
should be written separately for electrons with “right and “left-handed” spin orientations. 

Neglecting as a first approximation the spin-orbital interaction and its effects, we have 


For the second approximation we substitute f, in the second, third, and fourth terms of the 
right-hand side of (4). In the second and third terms the substitution of f, gives zero, leaving Afo 
terms; in the fourth term we reject the part with Af, due to its smallness. Then we have 


aT df , Ba 

ax de h F 
dvy OT dfo (= a \ aT dfy 
ax de re 


We will find the thermal current density along the Oy axis from the relation (see [4] ) 


+00 +0 
qy =) vyet fi ao* vy f do, (7) 


where the first integral relates to electrons with “right-handed” spins, and the second to those with 
“left-handed” ones. 

Since the integrand is odd with respect to the integration variables ¢,, & , and é,, after sub- 
stitution of (6) in (7) the integrals with the first and second terms in (6) will be equal to zero, leav- 
ing only the integrals with the third and fourth terms of the function f. 

The transverse thermal current which appears creates a transverse temperature gradient, which 
must “brake” further inflow of heat, and q, will be equal to zero. 

From what we have said, from (7) we get 


OT 


at de* 


After integration and a series of transformations of the relation (8) using results from the 
s-d exchange model of a metal, we get (see [2] ) 
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aT _ 12ABntea* + (1 OF 


We find the thermal current density similarly 


ge = + +O — (10) 


where K is the Boltzmann constant. We substitute 57/5x in (9), and rejecting powers of p and p.” 
higher than squared, we get 


ask?n2cT (k, + !) 


Introducing the spontaneous intensity of magnetization of the conductor /, and the spontaneous 
intensity of magnetization at absolute zero Ig. (see [2] ), we get 


where the quantity 5” has the value 


30 Ze? (=) + 
(kp + 1) 


and the quantity y” was met with earlier [2]. 
For the polycrystal case after everaging over the domains we have the technical intensity of 


magnetization /z in the numerator and formula (12) takes the form 


= 
oy 


where the constant S’ is the analogue of the Hall and Ettinghausen constants and equals 


This calculation shows that the Rigi-Leduc phenomenon, like the Hall, Nernst, and Etting- 
hausen phenomena, in ferromagnetics must depend on the technical intensity of magnetization, and 
the respective constants on the square of the spontaneous intensity of magnetization. All these four 
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Transverse temperature difference 


transverse electro-and thermomagnetic phenomena may, it turns out, be examined by a single 
method on the basis of the s-d exchange model proposed by Vonsovskii, if the spin-orbital force 
is taken into account. 

Of course, the present theory needs a series of refinements. However, we should note that 
in our ideal case, change from the simple cubic lattice to a body-centred or face-centred one need 
not significantly change the results of the calculation, due to a similar dependence of the s-electron 
energy on the squares of the projections of the quasi-impulses, for slightly or almost completely filled 
bands. The calculation must become much more complicated on taking the case of the half-filled 
energy band. 


Translated by D.G. Noel 
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A NOTE ON THE FORMALISM OF HOLSTEIN AND PRIMAKOV [1] * 
Yu. A. IZYuMOV 
“A.M. Gor’kii” Urals State University 
(Received 31 December 1958) 


In this work commutation relations are established and properties of operators studied which can 
be defined by the relations of Holstein and Primakov. 


1. As is known, the energy spectrum of a crystal near the normal state which is spontaneously 
magnetized can be successfully approximated by the spectrum of a slightly imperfect Bose-gas. 
From the mathematical point of view this procedure is equivalent to converting spin operators 


to Bose operators. 
Let us try to establish a general form of relationship between them. It is convenient to proceed 


from the following relations for spin operators: 


St] Sis Se] (Sf, Se] = 


Sj + iSi. 


In the quasi-classical approximation, by considering large spins (s > 1) and small deviations from 
the normal state (z-axis is chosen as the axis of quantization), it is easy to find that 


— ot 
Sj Sj 


—_ 
Si=s 2s 


If we denote 


2s 2s (3) 


we can then see that the relations (1) for operators 5; and b* are approximately of the Bose type. 
Using the conformity principle, we may assume that the deviation of these operators from Bose ones 
may be described by functions of the number of particles 


n = bj 


By (2) and (3) we write 
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Formalism of Holstein and Primakov 


A 
= f, Sj = (28)* OF 
A 
Sj = §— (n;); 
where fs (n) and Z, (n) are the indefinite functions in which 
f,(0) = 1; 2,(0) (5) 


In expressions (4) b; and b* are precisely Bose operators. From (1) it is easy to obtain the following 
relations between these functions: 


A A 
fs (n,) (n, l)—fs (nj 1) inp | 


If we denote 


F,(n) = fy (n—1)n. 
n)=f. ) 


and proceed to the representation with nj as diagonal elements, we obtain then, by omitting index 
j, the system of functional equations for F, and Z, 


Z,(n + 1)—Z,(n)—1=0, 
F,(n +1)—F,(n)—1 =—— Z, (ny n=0,1,2...; 


the general solution of which is as follows: 


n(n—1) 


Z,(n) =a +n; F,(n) = (1— 2s 


In view of additional conditions (5), we have a = 6 = 0. From equation (7) then we find that 


In terms of operators we find the expressions: 


A 


A A A % 
(nj) f,(a) = , (8) 


which together with (4) specify Holstein and Primakov relationships as established by analogy to 
momentum formulae. 

2. We formulate now a problem being in a way opposite to that considered in para. 1: to find 
out such operators b,; and b’. which are determined by relationships (4) and (8) and operate in a 
space of the same dimension as that of spin operators, i.e. of dimension (2s + 1) (index s in bs; is 
just to indicate this). 
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We write commutation relations between these operators in the form: 


bs; Osk bs = 0, 


4 A 
Ose — Os; = {1 +B, (n)}, 
where B.(n;) is the unknown function of operator 


A 
by 


whereupon 


«lim B, (n,) =0. 


In order that relations (4) and (8) may hold for the given commutation relations it is necessary for 


function B, (7) to be subjected to the following conditions: 


A A A 
B, (nj) 0s; =0; (n;—2s) B, (nj) =0. 


We shall prove that equations (10) hold if parameters b, and bt are imposed with the conditions: 


=0 


and function B,(n;) is chosen in the form: 
A 2s 2 
B,(n)) =a,by 


where a, is the c-number. Indeed, by multiplying equation (9a) from the right side by bs; and 
assuming / = j (with index j omitted), we obtain, in virtue of conditions (11), that 


b, bt b, — bf bs = b, 


By using this expression it is easy to establish the recursion correlation: 


ptt! — pt ot (ot —k); = (), 2s, 


from which, by (11), it follows that 


bt b, (by b,—- 1) b,—2).-- —- 2s) = 0. 


(10) 


195 


(11) 


(14) 


In virtue of Kelly-Hamilton’s theorem, the eigenvalues of operator n, = bibs are integers: 0, 1, 2,..., 


2s. 
It is not difficult to show that the operator: 


l +25 
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Formalism of Holstein and Primakov 


has projective properties, whereupon sp P, = 1. Taking the trace of (9a) for j = k we obtain by (12) 
and (15) that a, = — (2s + 1) (2s) !. 


Thus, it is proved that with the commutation relations: 


b, by b, (2s)! s 


expressions (10) are satisfied, hence relations (4) and (8) hold. 
It is easy to show that the matrices: 


satisfy all the relations of a given point: they give linear representation of operators {b,} and 
tb? j. Representation of the full set of operators for all j is derived by multiplying (2s + 1) row 
by matrices of b, and bt 


XX... 
j-1 


(18) 


It is obvious from expression (17) that parameters b, and bt introduced by us are the projections 
of Bose operators on the space of real spin deflexions. 
3. Taking Fourier operators of 5, ; j in the forms: 


VN 


we find commutation relations for them as 


by — = 0, 


2s-1 


+ + > i (A? j 
by. — b, == (A—A N [| (05; bsj —n). 
j n=0 


We see that the last term does not cancel only when it affects the state function with n-; = 2s. 
From this we see that relation (19a) for low-level excitations will be of Bose form, the approxi- 
mation being the closer the higher is s. 

Note. From the general theory of matrix functions it follows that functions f,(n) — defined: by 
operators by b, =ns — can be expressed by the plynom: 
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A A A 


which was first pointed out by Kubo [3]. 


Translated by B. Cynk 
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THE DEPENDENCE OF SEMICONDUCTOR PARAMETERS ON IMPURITY CONCENTRATION * 
M. Sh. GITERMAN and N. P. KONTOROVICH 
Urals State University 
(Received 30 March 1958) 


Within a many-electron model, the energy spectrum of an impurity semiconductor was investigated. 
The activation energy and effective mass of current carriers in relation to the concentration of impuri- 
ties was established. 


As shown by experiments (see e.g. [1, 2]), the activation energy of an impurity semiconductor 
depends on the concentration of impurities. Such a dependence should apparently also exist as 
regards the effective mass of current carriers, i.e. as regards all the kinetic parameters of a 
crystal. 

In recent years Vonsovskii and his associates have been developing the multi-electron theory 
of semiconductors [3, 4] in which the problem of interacting electrons is reduced to the dynamically 
equivalent problem of a perfect gas consisting of quasi-particles. Properties of these primary ex- 
citations are determined by the given multi-electron assembly and in the case of an impurity semi- 
conductor, for example, should depend on the concentration of impurities. The aim of this note is 
to analyse the energy spectrum of an n-type atomic semiconductor (e.g. Ge with As). The energy 
spectrum of a semiconductor with acceptor solute can be investigated in a similar way. 

In accordance with experimental evidence, we may assume that impurity atoms replace atoms of the 
basic substance at the lattice points. Four extra-nuclear electrons of the impurity atom from valence 
bonds with the lattice of the basic substance and the fifth one, which does not take part in forming 
the bonds, can be excited into the zone of conduction. The completeness of electron spin states at 
every lattice point is essential and this is taken into consideration in the model assumed here [4]: 
every lattice point has two electrons with opposite spin orientation, n points per unit volume being 
replaced by atoms of a different nature which in addition to the above two have one more electron 
each. The activation energy of the impurity electron level of As in Ge is a small fraction — 
amounting to a few hundredths — of the forbidden band width and therefore at temperatures which 
are not very high the impurity conduction alone may be taken into consideration. For the sake of 
simplicity we shall ignore the change in state of lattice basic atoms when impurities are introduced. 
Moreover, we shall assume, as for example in [5, 6], that impurity atoms form a regular cubic lattice 
with its spacing a multiple of the basic lattice spacing. 


at at 


Here the sum is taken in respect to a = (n, A, a), where n is the type and number of the lattice 
point, A— the state of the electron at this point, o—the spin; a assumes the values of g, 0, o for 
the two electrons of the impurity which form valence bonds with neighbouring atoms; ¢, 1, o for 

the excited electrons drifting in the lattice, and finally f, 0, o for electrons of the principal lattice. 
We assume that the electron spins in states \ = 1 are distributed at random. Ignoring spin-spin 
interactions we further omit index o. 
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Semiconductor parameters on impurity concentration 


Terms of the L (a,a’) type in (1) describe the additive part of the Hamiltonian i.e. the kinetic 
energy of the electrons and their interaction with the ionic sub-system, while terms of the 
F (a, a, af af) type — the coulomb and exchange interactions between electrons. 


F (a,252; 2) = (7) (r’) (rr’) H (r) (r’) drdr’. 


In order to obtain the energy spectrum of the low-excited states of the system it is necessary to 
express Hamiltonian (1) in a diagonal form by representing it as the sum of the additive operators of 
the elementary excitation energy (oscillators), the eigenvalues of which are determined by an 
elementary procedure. The diagonalization of (1) in our case of the two non-equivalent sub-lattices 
is carried out as in work [7] and gives for the energy of the quasi-particles (analogues of the 
“conduction electrons” of the mono-electron theory): 


E(k) + A(g) + (fF + 


l 
2 


A (fy = +2 VF (f1/,0f1/,0) — +2 F (f 
fi fir 


(f1gogofl ) + MF (flgiflgl) — Me Cif 


= F — + 2 VF (fl g0f,1g0) 
fe fe g 
VF (/1g0g0f,1) +2) F — F (fle Cg = 
& 
= L(gig,l) +2)°F (/0g1f0g,1) — F (fog ig,1f0) F (g,0¢12,09,1) — 
f f g2 
F (g,0g18 18,0); M(f—g) =L (fig!) +2. F (f,0f1f,081) — 
g2 fy 
—SF (/,0f181f,0) + F (v,0f12,0¢1) — SF (g,0f18 18,0) + 
hi &1 £1 
+ 2M F(g,1flg,1gl) — VF (g, 1718121); 


§1 


A (g) is obtained from A (f) by the substitution of indices fl, f,0, g0 for gl, g,0, f0 respectively. 
The activation energy AF and the effective mass meff of current carriers for a cubic lattice — 
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taking into consideration interactions with the nearest neighbours and ignoring terms M (g — g) 
describing the processes of birth and cancellation of the elementary excitations — are equal to: 


AE = A(f)—A (8) (a) ~ 
ap |C (a/)| (5) 


where a, and a, are the distances between the nearest lattice points of f and g respectively. 

Having determined the energy spectrum of the system, all the static and kinetic effects may in 
principle be examined; we are, however, concerned here only with the relationship between excita- 
tion energy and impurity concentration. The value of the terms C (g — g,) — which describe transi- 
tions between impurities — is determined by overlaps of the wave functions of the nearest admixed 
atoms and this term may be omitted in (3) and (5) when the concentrations of impurities are not too 
high. 

: The conduction of the “impurity zone” is not considered. With the rise of impurity concentration 
this conduction becomes more effective because the overlapping effect of wave functions of impurity elec- 
trons (both in normal and especially in excited states) increases. We leave this effect out of consideration 
not because it is small but simply because it can be accounted for within the limits of the single elec- 
tron theory [5, 6]. 

Further, it is not difficult to conclude that sums with respect to g on the right of (4) depend on 
the concentration of impurities n. Such a dependence may be qualitatively obtained by considering 
the point charge interaction (functions 6 (r) are chosen in the form of 5-functions) and subsequently 
adding the rows. The same results, however, can be obtained more graphically by replacing the crys- 
tal lattice with a dielectric continuum. We may evaluate e.g. the term 


which describes the coulomb interaction of current carrier f with all the impurity electrons g. We 
may draw a sphere radius a g/2 With its centre in lattice point g, nearest to the givenf, and divide 
this interaction into a ‘eactierenge” ora with charge e (average for all the lattice points f 
within the sphere) — and a “long range” one — with “smeared-out” charge ena} (regarding the point 
f as located in the sphere’s centre), where a, is the dimension of the principal region of the 
crystal. 


Considering also that a, ~ n7/3 we have: 


a, 
e é nag 1/ 


Choice of the principal dimensions ay does not affect the result of calculations because there is a 
compensating action of the ionic sub-system (see [3] and [4] ). The other sums in (4) are similarly 
evaluated. Hence AEF and mez; as functions of impurity concentration have the following form: 


AE=p+Q =|R + Tn", 


Coefficient Q in (7) may be derived from (4) and (5); it represents the energy change in coulomb 
interaction of an electron with all the impurity electrons when in transition from localized to non- 
localized state as well as the negative term describing the electron transfer into the lattice while 
simultaneously exchanging with impurity electrons. Generally speaking, Q can be both negative — 
which evidently is the case for Ge [1, 2] ) — and positive. 

Thus, the activation energy for Ge decreases in accordance with low (7) as the impurity con- 
centration rises. This conclusion is in agreement with experimental evidence [1, 2]. 

The function mgf¢ (n) is determined by the relations between the signs and absolute values of 
quantities R and 7 and, in principle, the effective mass may vary in both directions with increasing 
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impurity concentration, a change of function sign being possible with the rise of n. We think that 
for the majority of atomic semiconductors R< 0 and T > 0 and in addition when values of n are not 
high | Tn*/?| <|R|, so that the effective mass increases with the rise of impurity concentration. 
All the above mentioned considerations are of a qualitative character; for quantitative evaluations 
it is necessary to calculate all the coefficients (4) and this brings us up against the problem of 
electron wave-functions 6 (r) in a crystal lattice. Obviously, an even more concrete expression of 
a model aimed at closer conformity with natural crystals would be desirable. 

We may note that a periodic distribution of impurities is not an essential requirement when 
ignoring terms of the C (g — g,) and M(f — g) type in the initial Hamiltonian (energy as a function 
of concentration was investigated precisely in this approximation); the energy spectrum of current 
carriers (3) may be obtained with an arbitrary distribution of impurities in the crystal lattice. 

In our approximation the quasi-particles do not interact with one another and in order to cal- 
culate kinetic effects the usual procedures may be utilized as applied to non-interacting particles, 
energy of which is given by (3). The fact that kinetic coefficients depend on the concentration of 
impurities is important. 

There are references in paper [8] as to the effective mass being dependent on the impurity 
concentration. It would undoubtedly be very interesting to verify experimentally the relation m (n) 
obtained above which in fact was already implicitly contained in formulae (27) and (29) of 


paper [1]. 
The authors thank S.V. Vonsovskii, Yu.P. Irkhin and I.M. Tsidilskii for valuable comments 


when discussing this work. 


Translated by B. Cynk 
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ON STABILITY OF DOMAIN ORIENTATION FORMED DURING THE THERMOMECHANICAL 
WORKING OF FERROMAGNETS * 
F.N. DUNAYEV 
“A.M. Gor’kii” Urals State University 
(Received 16 May 1958) 


The effect of various actions (soaking at high temperature, change of temperature, cold working 
of various kinds) upon the extent of the “magnetic texture” (domain orientation) obtained in trans- 
former steel and 65-permalloy was experimentally investigated. It is shown that this magnetic texture 
is quite rigid and is destroyed to a different degree by different factors, and that the magnetic stabi- 
lity in different ferromagnets is not identical. An explanation is suggested of the reasons for the 


destruction of magnetic texture. 


1. Under the action of unilateral external stres- 
ses at a sufficiently high temperature, the re- 
orientation of spontaneous magnetization vectors 
takes place leading to anisotropy of the magnetic 
properties of a given ferromagnetic substance, i.e. 
a “magnetic texture” develops in the substance. 


Such action of external stresses on a ferromagnet 
at high temperatures is now known as thermomecha- 
nical working [1-10]. It is known that the magnetic 
texture obtained by such working is not lost after 
cooling to room temperature and removal of the ex- 
ternal stresses. It is not lost under the action of 
demagnetization, temperature variations, mechanic- 
al shock etc. that is, it is resistant to certain 
actions. 

However, it had not been elucidated to what 
extent this magnetic texture was resistant to 
stronger actions, e.g. high-temperature heating and 
the various kinds of cold working to which ferro- 
magnetic materials may be subjected when making 
various products from them. Moreover, the part play- 
ed by stresses at the various stages of thermome- 
chanical processing had not been cleared up. 

The explanation of all these questions may also 
help to understand the nature of the processes tak- 
ing place during thermomechanical working. 

2. The investigation was carried out using 
samples of hot-rolled transformer steel (3.7 per cent 
Si, remainder Fe). The samples of transformer steel 
were prepared in the form of 150 x 2 x 0.35 mm 
strips, and the samples of 65-permalloy in the form 
of wires 150 mm long and 1 mm in diameter. 


* Fiz. metal. metalloved., 7, No. 5, 677-684, 1959. 


The test-pieces were subjected to a three-hour 
preliminary refining annealing in circulating hydro- 
gen at 1200°C and then to a two-hour annealing in 
vacuum at 1000°C. Then each test-piece was an- 
nealed in a vacuum at temperature 74, at which 
temperature it was afterwards subjected to thermo- 
mechanical working. This preliminary annealing at 
temperature 74 was carried out in order to take 
into account and eliminate the effect of purely 
thermal treatment in subsequent thermomechanical 
working. 

The thermomechanical working was carried out in 
a vacuum and it differed from the preceding anneal- 
ing at temperature 7'4 only by the fact that at the 
same temperature the test-piece was now subjected 
to a tensile stress a4 for a definite time (20-100 
min depending on the value of 74) and then cooled 
under the same stress. A cooling speed of 300°C /hr 
was used for each working. 

In order to detect and study the magnetic texture 
formed during thermomechanical working, use was 
made of sharp variation of magnetization, coercive 
force, and magneto-striction curve in particular, 
with the magnetic texture. Magnetization and coer- 
cive intensity were measured by means of a vertical 
astatic magnetometer and magnetostriction by a 
device based on the mechanical-optical method. 

In order to follow changes in magnetic texture 
during the process of thermomechanical working or 
high temperature treatment without stress, the 
saturation magnetostriction was measured in a 
special apparatus at various temperatures in a 
vacuum [11]. This apparatus enabled a load to be 
put on or removed from the test-piece at any 
temperature. 


Stability of domain orientation 


oersted 


1-0 T,=400°C 
2-A 
- © 550°C 
& 7,=600°C 
5-x =650C 


8%, kg/mm? 


FIG. 1. The coercive intensity of transformer steel samples as a function 


of stress 04 applied at various temperatures T'4 of 


thermomechanical 


working. 


The maximum error in measuring saturation 
magneto-striction did not exceed 7 per cent, in 
measuring coercive intensity — 3 per cent; temper- 
ature was measured by means of a platinum-platin- 
um-rhodium thermocouple with an accuracy of + 3°C. 

3. In Fig. 1 coercive intensity 1, of transformer 
steel test-pieces is shown in relation to stress 04 
applied at various temperatures during thermo- 
mechanical working. 

It is evident from the curves given that with 
T'4 = 400°C, H, only decreases with o4 raised up 
to kg/mm?; with 7.4 = 500°C, the decrease of H, 
continues only to a certain “critical” [9] stress 
= 5 kg/mm’. With o4 > 04 cy, the value of H, 
increases. The same relation is also found for 
T 4 = 550, 600 and 650°C, but the “critical” stress 
decreases with a rise in temperature. An identical 
picture is also found when measuring the saturation 
magneto-striction of these test-pieces. 

The decrease of coercive intensity and saturation 
magnetostriction after thermomechanical working 
with a4 < 04 cy indicates that during thermomecha- 
nical working a stable magnetic texture is formed 
in which vectors of domain spontaneous magnetiza- 
tion are mainly oriented in directions close to that 
of the stress o4 applied. The increase of coercive 
intensity after workings with o4 > o 4 .,may be 
explained by the fact that, under these stresses, a 
certain plastic deformation is observed which 
evidently to some extent destroys the magnetic 
texture created by the preceding working with 
PAS cr: 

Thus, magnetic texture stability developed during 
thermomechanical working is restricted by the 
value of the stress used in such a working. When 


VOL 
the stress exceeds the critical value, magnetic 7 
texture formation processes are going on side by 

side with the texture destruction processes. With 

high stresses the latter may completely destroy 

the effect of the former. For example, if 74 =600°C, 

this will happen with o4 ~ kg/mm?. 
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FIG. 2. The critical stress as a function of the 
temperature T'4 of thermomechanical working for 
‘transformer steel and 65-permalloy samples. 


In the case of 65-permalloy identical rules were 
found with the sole difference that critical stres- 
ses at corresponding temperatures were lower than 
for the transformer steel. The critical stress as a 
function of temperature 7'4 for transformer steel 
and 65-permalloy is shown in Fig. 2. 

In Fig. 3 a number of variation cycles are shown 
of saturation magnetostriction A, for transformer 


“| +H 
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TABLE 1. Variation of saturation magnetostriction with stress 
Og and temperature T 4 = 750°C 


Procedure of working 


10.3 «1075 


Before the application of stress 


7.6 After the long soaking under stress 

8,8x1l07° | After the long soaking without stress 

7.6107 § | After the repeated soaking under stress 
\ 


= 0 kg/mm | 
2 Cooling without 
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steel in various conditions of heating and cooling 
as follows: the test-piece was heated up to 

T 4 = 570°C (curve 1); at this temperature a stress 
o4 = 2 kg/mm? (less than critical) was applied and 
maintained for a sufficient time interval for complet- 
ing the process of magnetic texture formation [11] 
(during the stress maintained A, was decreasing. 
Here this process is shown by the dotted vertical 
line). The stress was afterwards removed and the 
test-piece soaked at the same temperature 7, for a 
long time without stress. During this stage the mag- 
netic texture was partly destroyed as indicated by 
some increase of A,. After some time the increase 
of A, ceased, i.e. long soaking without stress 
continued at temperature 74 did not cause any ad- 
ditional destruction of the magnetic texture. Then 
the stress was again applied and maintained at the 
same temperature for a long time. 

It should be mentioned that during the repeated 
soaking under stress exactly the same texture was 
established as during the first. This is evident 
from the table data. It can also be seen from 


FIG. 3. Variations of saturation magnetostriction of transformer steel in 
various conditions of heating, soaking at a constant temperature 


(T 4 = 570°C and T = 670°C) and cooling. 


G00 


Table 1 that the magnetic texture is only partly 
destroyed during the long soaking at temperature 

T 4 without stress. Similar results were also 
obtained for other 7’, and with test-pieces of 
65-perma lloy. 

After the repeated soaking under stress at temp- 
erature 7’, the stress was removed and the test- 
piece cooled without stress (curve 2), and then 
heated up to temperature 7’, without stress (curve 
3). At temperature 7'4 the stress o4 was again 
applied and maintained and the test-piece cooled 
under stress (curve 4), but before each measure- 
ment the stress was removed, the test-piece de- 
magnetized and its magnetostriction measured 
without stress. Consequently, magnetostriction 
values in curve 4 as well as in all the other curves 
characterize the stable changes of magnetic texture 
fixed inside the test-piece. After that, the test-piece 
was heated without stress (curve 5) up to a temper- 
ature higher than T 4 (up to 670°C), soaked at that 
temperature for 20 min and cooled without stress 
(curve 6). 
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FIG. 4. Variations of saturation magnetostriction of transformer steel in 
various conditions of heating, soaking at a constant temperature 


(7.4 = 660°C and T = 850°C) and cooling. 
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FIG. 5. Variations of saturation magnetostriction of 65-permalloy in various 
conditions of heating, soaking at a constant temperature 


(T4 = 460°C and T = 800°C) and cooling. 


It is evident from Fig. 3 firstly, that the magnetic 
texture is forming during thermomechanical working 
not only when the test-piece is soaked under stress 
at temperature 7, but it further develops in the 
process of cooling under stress (curve 4 runs appre- 
ciably lower than curve 2); secondly, that the mag- 
netic texture formed during the thermomechanical 
working of transformer steel is very resistant to the 
high-temperature action and does not disappear on 
cooling and heating without stress; even when 
heated without stress up to a temperature higher 
than 74 and then cooled, the magnetic texture 
remains nearly the same as during the first cooling 
without stress from temperature 7',. 

It is also clear from Fig. 3 that for a given 


temperature 7'4 and a given stress oy a fully de- 
fined magnitude of magnetic texture is established 
in transformer steel independently of the fact 
whether in its initial state the test-piece was 
magnetically isotropic or was to some extent textur- 
ized. Indeed, the same magnetic texture was obtain- 
ed both during the first and the second soaking 
under stress 04 as well as during the third soaking 
under stress carried out already after cooling and 
heating without stress (curves 2 and 4 emerge from 
the same point; see also Table 1). The results 
obtained for test-pieces from 65-permalloy lead to 
the same conclusion. 

Similar cycles were performed at other values of 


T4 (420; 470; 520; 620; 660°C). Analysis of the 
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FIG. 6. Variations of saturation magnetostriction of 65-permalloy in various 
conditions of heating, soaking at a constant temperature 


(T4 = 500°C; T = 600°C; T = 800°C). 
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FIG. 7. Variations of saturation magnetostriction of 65-permalloy in various 
conditions of heating, soaking at a constant temperature 
(T4 = 540°C, T = 600°C) and cooling. 


by bending it into a ring. Bendings were performed 
in both directions 30 times each to such an extent 
that the final radius of the test-piece curvature 
amounted to 70 mm. The test-piece was then un- 
bent and heated without stress up to 850°C 

(curve 7), soaked for 20 min at this temperature and 
cooled also without stress (curve 8). The cold 


results of these measurements leads in principle to 
the same conclusions as in the case discussed. 

In Fig. 4 similar measurements at T4 = 660°C 
are shown. A characteristic feature of this case is 
that after cooling under stress (curve 4) the heating 
without stress was carried out up to 850°C i.e. up 
to a temperature considerably above the Curie 


point, and despite this the magnetic texture was not hardening appreciably raised A,, i.e. as if the 
destroyed after 20 min soaking at this temperature texture had been destroyed; the heating curve 7 
without stress followed by cooling without stress; passes nearby the initial curve 1. However, after 
it remained the same as during the first cooling annealing, the cooling curve 8 passes only slightly 
without stress (curves 2 and 6 run together). above the curves 2, 3 and 6, i.e. the texture has 


Then the test-piece was subjected to cold working _ been re-established to a considerable degree. 
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One of the possible explanations of this fact may 
be as follows. The cold hardening by bending 
evidently creates mainly macroscopic disordered 
primary stresses which scatter the magnetic texture 
but cannot disturb the prevailed direction of sec- 
ondary stress developed by thermomechanical work- 
ing [11], cannot destroy changes caused by oriented 
supertexture [12] or other possible mechanism of 
thermomechanical working. During the annealing at 
850°C these primary stresses resolve and the mag- 
netic texture recovers. The annealing at 950°C for 
1 hr led only to partial removal of the magnetic 
texture. 

Subsequently, the test-pieces were subjected to 
about 2 per cent elongation followed by 1 hr anneal- 
ing at 950°C. By this the magnetic texture was 
wholly destroyed. 

Let us note in passing that, as can be seen from 
Fig. 4, with the magnetic texture growing in the 
test-piece, i.e. with the lowering of A, (T) curve, 
the maximum of this curve is displaced towards 
higher temperatures. 

In Figs. 5-7 saturation magnetostriction — 
temperature curves are presented for 65-permalloy 
test-pieces in cycles, similar to those performed on 
the test-pieces of transformer steel, for temperatures 
T 4 = 460; 500 and 540°C. 

It can be seen from the above figures that, the 
higher the temperature 74, the greater the differ- 
ence between the curves 2 and 4, the closer is 
curve 2 to the initial curve 1, i.e. the magnetic 
texture created in the process of soaking under 


stress 04 at temperature 74 is partly destroyed 
during subsequent cooling without stress and this 
destruction is the more complete, the higher the 
temperature 74. For T4 = 540°C a very weak 
magnetic texture remains after cooling without 
stress. 

After heating without stress up to a temperature 
T > T,4 (T = 800°C in the case when 7'4 = 460 and 
500°C; 7 = 600°C in the case when 7'4 = 500°C and 
540°C), 20 min soaking at this temperature and 
cooling without stress, the magnetic texture is nearly 
wholly destroyed. 

The reason for a comparatively low thermal stabi- 
lity of the magnetic texture created in 65-permalloy 
by thermomechanical working is probably the fact 
that the processes of ordered arrangements proceed 
quite intensively in this material. As we mentioned 
earlier [11], the superlattice transformations destroy 
the magnetic texture. 

By comparing the results obtained for transformer 
steel and 65-permalloy, the conclusion may be 
drawn that the magnetic texture stability developed 
by thermomechanical working is essentially differ- 
ent in different materials. 


Translated by B. Cynk 
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MAGNETIC PROPERTIES OF Mn,Ge, COMPOUND * 
L.G. FAKIDOV and Yu.N. TsIOVKIN 
Institute of Metal Physics of U.S.S.R. Academy of Sciences 
(Received 4 March 1958) 


The temperature dependence of magnetic moment of Mn-Ge alloys containing from 40 to 95 at. 
per cent Ge has been investigated. It is shown that the magnetization of all the compounds in a 
temperature range of 113-283°K is determined by the presence of one ferromagnetic phase Mn,Ge, 
(@ = 283°K). Magnetic moment M per manganese atom calculated from paramagnetic measurements 
is equal to 2.5 uB @ = 300°K). At 113°K the phase transition of the first kind takes place. 


In paper [1] the statement based on the study of 
the constitution diagram of Mn-Ge system was made 
to the effect that the alloys containing from 28.6 to 
37.5 at. per cent Ge should be ferromagnetic, 
because the low-temperature modification of Mn,Ge, 
(28.6 at. per cent Ge) and Mn,Ge, compound are 
ferromagnetic. 

The structure and magnetic properties of Mn;Ge, 
were investigated by Castelliz [2,3] who proved 
that the Mn;Ge, phase has the D8, type of structure 
and is ferromagnetic with its Curie point equal to 
@; = 320°K. The magnetic moment of manganese 
atom in this compound proved to be equal to 
M = 2.57 pB. 

In paper [4] three ferromagnetic phases were 
found when studying the electric properties of 
Mn-Ge alloys. In addition to the known compounds 
Mn,Ge, and Mn,Ge;, ferromagnetic properties are 
possessed by the Mn,Ge, compound, which was 
obtained as a result of perithectic reaction at 
745°C of the Mn;Ge, phase with the eutectic. 

By investigating the electric resistance of the 
Mn Ge, compound in relation to temperature, the 
authors of [4] discovered the existence of two 
temperatures of ferromagnetic transformation 
Of, = — 185°C and O,, = — 12°C. The specific resist- 
ance of the ferromagnetic specimens is within a 
range of p ~5.5-13.7 x 10% Qem. 

By analysing the variation of specific resistance 
p with temperature and the change of resistance 


AR/R in the magnetic field, the authors expressed 
the supposition that there exist metallic bonds in 


Mn;,.,sGe, Mn,Ge,, MnsGe, and Mn,Ge, compounds. 


*, Fiz. metal. metalloved., 7, No. 5, 685-688, 1959. 


The temperature dependence of magnetization of 
the Mn-Ge alloy containing 70 at. per cent Ge was 
investigated in paper [5]. 

The present work was arranged with the purpose 
of further study of the magnetic properties of the 
system, especially of alloys with high germanium 
content, which is important for explaining the nature 
of ferromagnetic transformations in Mn,Ge,. 


THE RESULTS OF MEASUREMENTS AND THEIR 
DISCUSSION 


In the present work the magnetic moment was 
investigated in relation to temperature in a range of 
77-750°K, also its dependence on the composition 
of alloys and the magnetic field intensity for Mn-Ge 
alloys containing from 40 to 95 at. per cent Ge. The 
data concerning the purity of materials used and the 
method of their preparation are available in paper 
[4]. Measurements were carried out on a magnetic 
balance by Faraday’s method. 

In Fig. 1 the magnetic susceptibility of Mn-Ge 
alloys as a function of their composition at a tem- 
perature of 420°C is given. The linear relationship 
indicates that the magnetic properties of Vin-Ge 
alloys in a concentration range of 40 to 95 at. per 
cent Ge are determined by the paramagnetism of one 
of the phases. It is known from the constitution dia- 
gram of Mn-Ge [1] that with a content of Ge exceed- 
ing 40 at. per cent there are two phases: Mn,Ge, 
and Ge. Since germanium is diamagnetic, it follows 
that Mn,Ge, should be regarded as responsible for 
the paramagnetic properties of the compounds at 
420°C. 

In Fig. 1 the points referring to the susceptibility 
of compounds containing 40 and 45 at. per cent Ge 
do not fit the straight line. In these compounds, in 
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FIG. 1. The susceptibility of the Mn-Ge alloy as a 
function of the percentage of Ge. 
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FIG. 2. The susceptibility of the Mn,Ge, alloy as a 
function of temperature. 


TABLE 1. Results of calculating the percentage of the phase 


Phase content 
calculated from 
the constitution 

diagram (%) 


calculated from 


Phase content Magnetic 
susceptibility 
of alloys 
at 420°C x 10° 


from the curve 
in Fig. 1 (%) 


100.0 
91.0 
62.5 
46.0 
32.0 
14.0 

6.5 


— C&D 
OW 


addition to Mn,Ge,, there is a free germanium and 
\In, Ge, phase which is paramagnetic at these 
temperatures. To account for the influence of ger- 
manium and Mn,Ge, is impossible because the exact 
quantitative composition of these phases is un- 
known. Attempts to obtain the Vn,Ge, phase in a 
pure state failed. 

The amount of the Mn,Ge, phase in the samples 
investigated was calculated from the relation bet- 
ween the magnetic moment of the Mn-Ge alloy and 
its composition. We proceeded from the curve in 
Fig. 1 for the calculation of the content of the 
Mn,Ge, phase. The susceptibilities of all the speci- 
mens refer to the susceptibility of the alloy contain- 
ing 40 at. per cent Ge. In addition, the percentage 
of the phase for the same alloys was calculated 
from the constitution diagram on the principle of 
“lever”. The results obtained are compiled in 
Table 1. 

As it is apparent from Table 1, the percentages 
of the Mn,Ge, phase in the alloys investigated as 
determined experimentally are in good agreement 
with those calculated from the constitution diagram. 

In Fig. 2 the susceptibility of Mn,Ge, in alloys 


containing 60; 70; 80; 95 at. per cent Ge as a 
function of temperature is shown. 

The function 1/ X =f(7') well satisfies the 
Curie-Weiss law with the paramagnetic Curie point 
equal to 6, = 300°K. The magnetic moment per atom 
of manganese calculated from our data is equal to 
M = 2.5 

The relation between the magnetic moment and 
temperature in a range of 77-300°K (Fig. 3) for the 
Mn ,Ge, phase follows a somewhat unusual course: 
in a temperature range of 77-113°K the magnetic 
moment falls with rise of temperature, starting from 
113°K it sharply increases with further rise of 
temperature, reaches its peak in the region of 170- 
173°K and after passing the maximum value it con- 
tinues to fall as ordinary ferromagnets do. The 
ferromagnetic Curie point, according to our measure- 
ments, turned out to be equal to ©; = 283°K. Thermo- 
graphic investigations of the Mn,Ce, alloy carried 
out in our laboratory proved that there is a phase 
transition of the first type at 113°K. The increase of 
magnetic moment of the Mn,Ge, compound for tem- 
peratures above 113°K is evidently due to the 
existence of this transition. The temperature of the 
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FIG. 3. The magnetic moment of the Mn,Ge, 
alloy as a function of temperature. 


phase transition determined from magnetic measure- 
ments coincides with that found thermographically. 

In the range 77-113°K the magnetic moment de- 
creases with rise of temperature like paramagnetic 
substances do. 

It does not seem possible to explain this fall as 
due to the presence of ferromagnetic impurities, 
because the admixture of nickel, as determined ex- 
perimentally by magnetic measurements, comprised 
only 0.003 per cent and its contribution to the 
magnetic moment amounts approximately to 1 per 
cent, which is comparable with the error of measure- 
ments. 

Variation of the magnetic moment of the Mn,Ge, 
phase with magnetic field intensity at a tempera- 
ture of — 174°C is linear (Fig. 4). 

The Mn,Ge, compound in a range of 113-283°K is 
slightly ferromagnetic. A determination of the type 
of crystal lattice and the degree of symmetry of the 
Mn,Ge, compound would probably make it possible 
to describe the magnetic properties of this sub- 
stance by the theory of “weak” ferromagnetism in 
antiferromagnets as developed by Dzyaloshinskii 


[6]. 


The same process of magnetization and a small 
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FIG. 4. The magnetic moment of the Mn,Ge, alloy as a 
function of magnetic field intensity. 


value of magnetic moment as determined in work [7] 
for a-F'e,0, are also found for the compound investi- 
gated by us. 


CONCLUSIONS 


1 1. In the Mn-Ge alloys containing from 40 to 95 at. 
per cent Ge, there is one ferromagnetic phase 
Mn,Ge,. The ferromagnetic Curie point of this phase 
is Of = 283°K, the paramagnetic Curie point 
@, = 300°K. The magnetic moment per atom of 
manganese in the Mn,Ge, compound calculated from 
paramagnetic measurements is M = 2.5 wB. 

2. For 113°K a phase transition of the first type 
takes place for the Mn,Ge, compounds. 

3. The values of specific conductivity 
Pp ~ 10% 2 cm and magnetic moment M = 2.5 nB 
indicate that bonds of metal type prevail in the 
Mn ,Ge, compound. 


Translated by B. Cynk 
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INVESTIGATIONS ON THE DEFECTOSCOPY OF RAILWAY RAILS IN MOVING 
MAGNETIC FIELDS 
14. ON THE APPLICATION OF MAGNETIC MEMORY IN THE CONTROL OF RAILS* 
V.V. VLASOV, Yu.S. SUBBOTIN AND V.I. BABUSHKIN 
Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 12 August 1958) 


The method of registering signals from defects 
under conditions of rapid defectoscopy of railway 
rails is of very great significance since for the im- 
mediate control of the individual rail a relatively 
short time is available. Thus, the control of a rail 
of 12.6 m length by means of a wagon defectoscope 
[1] travelling at the rate of 45 km/hr is effected in 
the course of a second, and at the rate of 90 km/hr 
in half a second. The time of the signal, occasioned 
by cross-section cracks in the head of the rail is 
about 4msec in the first case and 2msec in the 
second case. During that time it is necessary to fix 
not only the presence of electromagnetic disturb- 
ances over the defective part of the rail but also 
their nature, i.e. the form of the electromagnetic 
force entering the search detector equipment of the 
defectoscope. 

In wagon defectoscope the optical method of re- 
gistering the signals from defects on a normal 
negative cinema film is used. The complex regist- 
ration of the electromotive force which develops in 
the search equipment used in these defectoscopes 
leads, however, to the consumption of a large 
amount of film and photochemicals. In practice, in 
order to economize on film, it is necessary to make 
do with rather small signal writing which is very 
inconvenient for analyzing it. It takes considerable 
time to work on the films which reduces the effect- 
iveness of rapid rail control. It is therefore desir- 
able to have a method for registering the signals 
from the defects without film and the photographic 
treatment needed for it. 

These conditions can be satisfied by magnetic 
memory. In that case the electric signals are 
registered magnetically on a ferromagnetic material, 
usually in the form of a tape. Magnetic memory has 
received wide application in the technique of 
sound recording and has been fairly thoroughly 


* Fiz. metal. metailoved., 7, No. 5, 689-693, 1959. 


studied [2—4]. Its essence consists in the follow- 
ing. 

In the recording of any kind of signals the tape 
with the magnetic surface material on it is in 
motion relative to the gap in the recording head 
which represents a small electromagnet through the 
windings of which passes the current of the signal 
to be recorded. Each of the elementary sectors of 
the magnetic tape on passing near the gap of the 
recording head is magnetized in proportion to the 
strength of the current which at the given moment 
passes through the windings of the head. The 
magnetic state created in the tape is preserved 
even after the given section passes out of the 
confines of the gap in the head. The main thing for 
the remembering of the signals is the change in the 
intensity of the residual magnetization in the small 
volume of the magnetic layer of the tape. 

When the recording is reproduced the magnetic 
tape moves in relation to the gap of the reproducing 
head which is constructed in the same way as the 
recording head. Part of the magnetic flow from the 
section of the tape which is in the immediate vicinity 
of the gap of the head is short-circuited through its 
core. During the movement of the tape this current 
changes with time as a result of which the corres- 
ponding e.m.f. is induced in the winding. 

Work with a magnetic tape consists of three oper- 
ations: erasing, recording and reading the recording. 
During erasing the formerly recorded data is des- 
troyed and the magnetization of the tape is returned 
to its original state. An alternating magnetic field 
of high frequency is used for erasing, which is 
created in the erasing head constructed in a similar 
way as the above mentioned heads. The erasing 
process consists in the fieldin the elementary sec- 
tions of the tape repeatedly changing directions and, 
because of the movement of the tape, gradually 
tending to zero. As a result the tape is demagnetized. 

That a magnetic tape can be used repeatedly is 
one of its greatest advantages. Nevertheless, its 
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application meets with certain difficulties.The 
point is that in the given case it is necessary to 
combine continuous recording along the tape with 
the possibility for detailed analysis of every sec- 
tion of it individually. Because of this there are 
two ways of using the magnetic tape for purposes 
of rail defectoscopy. 

The magnetic tape can be used as an intermed- 
iate means for memorizing with subsequent re- 
recording on paper tape [5] or reading the record- 
ing with the aid of appropriate equipment directly 
from the tape. In the first case the rate of move- 
ment of the tape relative to the reproducing head 
can be set considerably lower than for its move- 
ment relative to the recording head in the original 
registration of the signals. For the reproduction of 
the signals on paper one can in this case evidently 
use automatic ink writers of the usual type [6]. 

The introduction of the additional operation of 
re-writing the signals under conditions of rapid 
control of rails is, however, undesirable. There 
remains the second possibility, reading the record- 
ing directly from the magnetic tape. 

The present paper describes a method for using 
the magnetic tape in the rapid defectoscopy of rail- 
way rails. 


RECORDING EQUIPMENT 


For recording the signals from the defects an 
ordinary magnetic tape 6.35 mm wide is used. The 
basic scheme of the recording equipment is given 
in Fig. 1. For the purpose of simultaneous regist- 
ration of the signals in the search equipment from 
the right or left part of the track two recording 
heads are used in relation to which the tape moves 
at arate of approximately 10 cm/sec. In deciding 
the position of the heads relative to the tape one 
must be governed by the following considerations. 

Two independent e.m.f. can simultaneously be in- 
scribed on the magnetic tape in the form of two 
tracks or by superimposing one recording on the 
other [7]. On reproducing the signal recordings we 
did not, in the first case, succeed in ridding our- 
selves of the mutual effect of one track on the other. 
The cause of this was, apparently, the difference 
in the relative rates of movement of the tape and the 
heads during recording and reproduction. Therefore 
we had to chose the second method of superimposing 
one recording on the other on the tape. The posi- 
tion of the recording heads relative to the tape is 
shown schematically in Fig. 2. The directions of 
the magnetic fields within the limits of the gaps of 
these heads, as can be seen from Fig. 2, are per- 
pendicular to one another and form angles of 45 and 
— 45° with the direction of the movement of the tape. 


The theoretical foundations for this method of 
recording have been discussed by Kramer [7]. 

Besides the signals from the defects, for the 
defectoscopy of rails it is also necessary to record 
the kilometre markings, which, as is well known, 
provides the link of the recording with the locality. 
The kilometre markings are recorded on the magnetic 
tape by means of changing the amplitude of the 
signals from the sleeper plates on one side of the 
track. This is achieved by shorting one of the two 
coils in the differential search system of the de- 
fectoscope (Fig. 3) at the moment when the corres- 
ponding marking is seen from the window through 
which the operator observes the order in which the 
kilometre markings appear. Then the number of the 
given kilometre marking is recorded on the magnetic 
tape by means of telegraph signs. An example of 
the recording of the sleeper plates during the re- 
cording of a kilometre marking or its number is 
given in Fig. 4. It is necessary to note that for this 
purpose one must use the coil farther from the rail, 
not the one nearer to it. Otherwise at the moment of 
short-circuiting the coil the sensitivity of the defect- 
oscope to defects may drop sharply, since the de- 
tection of the defects is done mainly by the coil 
nearest to the rail. 

To erase earlier recorded signals an alternating 
magnetic field of high frequency is used. The 
recording is done in the presence of an alternating 
submagnetizing high frequency current in the head 
which in the first head in the direction of move- 
ment of the film is approximately twice as great as 
in the second. A 6E5 lamp is used to control the 
level of recording. 


REPRODUCING EQUIPMENT 


The work of the reproducing equipment is based 
on the rotation of the reproducing heads in relation 
to the tape. The basic scheme of the equipment is 
shown in Fig. 5. The reproducing heads 1 and 2 are 
mounted inside disk 3 which is made from textrolite. 

This disk has mounted on its cylindrical surface 
(not shown in the figure) a circular channel into 
which the magnetic tape 4 is fitted. The position of 
the reproducing heads relative to the tape is the 
same as for the recording heads (see Fig. 2). 

When the heads 1 and 2 are rotated relative to 
the tape 4 the corresponding electric impulses are 
induced in them. For the analysis of the form of 
these impulse a two-beam electron oscilloscope is 
used. The e.m.f. induced in head 2 is tapped by 
means of the ring-shaped leads 5 and 6 which 
rotate together with the disk 3 and the brushes 7 and 
8 which slide on them. From the brushes the e.m.f. 
is led to the intake of the vertical oscilloscope 
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FIG. 1. Scheme for magnetic recording for rapid rail defectoscopy: 
1. Erasing head; 2, 3. recording heads. 


Gaps of leads 


Magnetic tape 


FIG. 2. Scheme for the positions of the recording heads relative to 
the magnetic tape. 


To amplifier intake 
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FIG. 3. Scheme of the detector equipment with device for 
registering kilometre markings. 
K. Key for short-circuiting one of the reels of the 
detector system. 


FIG. 4. Example of recording of the kilometre markings. 
Groups of sign alternating impulses representing 
dots and dashes. 


screen by means of a simple device mounted on the 
same axis as disk 3 with the reproducing heads. 

This device consists of an anode battery, a resist- 
ance R, a capacity C, two disks 9 and 10 and also 


amplifier. Similarly, the e.m.f. induced in head 2 
is transmitted to the intake of the other vertical 


oscilloscope amplifier. 
The beams are played on the oscilloscope 
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Magnetic memory in the control of rails 


To oscilloscope plates 


FIG. 5. Scheme of the reproducing equipment 


the brushes 1] and 12 which slide on them. The 
first disk is conducting throughout, while in the 
latter the conducting part (shown light in Fig. 5) 
includes a non-conducting sector (shown black). 
The conducting parts of the disks 9 and 10 are in 
electrical contact. 

This display device functions as follows. When 
brush 1] is in contact with the conducting part of 
disk 9 the plates of condense C are short-circuited. 
The spot on the oscilloscope screen is then at 
rest. When brush 1] is in contact with the non- 
conducting part of disk 9, the short-circuit of the 
plates of condenser C is broken. As a result the 
voltage on the condenser increases and causes a 
horizontal displacement of the spot on the oscillos- 
cope screen. Then brush 1] again touches the 
conducting part of disk 9 and short-circuits the 
condenser plates. The voltage between them 
becomes zero and the deploying system returns to 
the initial state. The beginning of the transmission 
of the deploying voltage to the condenser plates 
coincides with the moment of contact of the repro- 
ducing head with the magnetic tape. This is achiev- 
ed by means of turning disk 9 relative to the re- 
producing head. The display of the e.m.f. induces 
in head 1 is done similarly. 

As the result of our experiments it has been 
established that signals from defects and non- 
dangerous faults of rails and also from the metallic 
structural parts of the track can be satisfactorily 
read from a magnetic tape with the help of the equipment 
described. As the experiments have shown, because 
of its electrification the tape adheres sufficiently 
strongly to the bottom of the channel on disk 3 
and requires no external pressing to the reproduc- 
ing heads. The background effect of the moving 
parts of the reproducing equipment is slight and 
has virtually no influence on its working. 

The equipment described permits the reading of 
the signals recorded on tape, which are necessary 
for the purposes of defectoscopy. When the tape 


does not move in relation to the rotating disk with 
the reproducing heads a detailed analysis of any 
part of the recording is possible. When the tape is 
moved at a certain rate in relation to the rotating 
heads reading of the recorded signals takes piace 
along the length of the tape. Besides the curves 
for the electromotive force can be comparatively 
simply increased both in amplitude and in time. The 
first is achieved by means of regulating the ampli- 
fication, the second by means of increasing the 
rate of deployment. This makes it possible to 
study the curves for the e.m.f. met with in rail de- 
fectoscopy, which are necessary for the fullest 
analysis of the oscillograms of the recording, more 
fully than when the defects are registered on 
cinema film. 


Translated by B. Ruhemana 
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MAGNETO-OPTIC RESONANCE IN FERROMAGNETICS Il. NEAR INFRA-RED REGION * 
G.S. KRINCHIK and R.D. NURALIYEVA 


Moscow Lomonosov State University 
(Received 14 May 1957) 


The change in the intensity of reflected light on magnetization is measured at three different 
angles of incidence on nickel, cobalt and iron at wavelengths of from 0.9 to 7 or 8 u. The magneto- 
optic parameter is calculated for the parts of the spectrum for which the optical constants of the 
metal are known. The course of the dispersion curves for the real and imaginary components of the 
magneto-optic parameter confirms the conclusion that there exists a new kind of resonance in the 
visible and near infra-red region of the spectrum. The possibility of explaining this resonance as a 
magnetic spin resonance in an effective alternating field is discussed. 


STAGING OF THE EXPERIMENT 


The effect of magnetization on the reflection 
of infra-red light by a ferromagnetic was measured 
on the same specimens and at the same magnetiz- 
ing currents as in paper [1] in order to obtain 
single dispersion curves for the magneto-optical 


parameter in the visible and the infra-red region. 
The measurements were made in an apparatus using 
the compensation method in which the use of two 
joints of the same vacuum thermocouple was parti- 
cularly effective for this purpose. The basic 
scheme of the apparatus is shown in Fig. 1. The 
light falls from the source on the monochromatizer 
of the infra-red spectrograph M, is polarized by the 
selenium mirror P and after reflection from the spe- 
cimen Q is focused by the mirror N on one of the 
joints of the vacuum thermocouple, a. Part of the 
light from the same source is by means of a system 
of mirrors directed in such a way that the mirror V 
focuses this light on the second joint of the thermo- 
couple, b. The intensity of the light which falls on 
joint 5 is increased until the signal reaching the 
intake of the photoelectro-optical amplifier becomes 
zero. When the specimen is magnetized the output 
of the amplifier registers an impulse which is pro- 
portional to the change in the intensity of the light 
reflected from the ferromagnetic. By dividing half 
this change by the intensity of the reflected light 
one obtains the quantity 6 (for this designation see 
paper(1]). Every value for 5 is obtained by aver- 
aging 40 independent readings. 


* Fiz. metal. metalloved., 5, No. 7, 694-698, 1959. 
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FIG. 1. Basic scheme of apparatus. 


The maximum scattering of the measurements was 
not more than + 10 per cent. Systematic errors of 
measurement might appear, due to insufficient 
monochromatization of the light which falls on the 
ferromagnetic mirror. The main reason for this in- 
sufficiency was the fact that in order to obtain the 
maximum increases in intensity the opening on the 
exit side of the spectrograph was made 2 mm wide, 
that is to say, the range of wavelengths passing 
through reached a few tenths of a u or so. Possibly, 
the scattering of light in the monochromatizer of the 
spectrograph also had an effect. Control experiments 
with altered width of the opening and a change of 
prism showed these factors had no effect on the 
qualitative nature of the curves, but they must be 
taken into account when more precise quantitative 
values for the effect are to be obtained. The spect- 
trograph was calibrated with the absorption spectra 
of benzole, water, ethyl alcohol and polythene. 


RESULTS OF THE MEASUREMENTS 


The experimental curves obtained for nickel, 
cobalt and iron at different angles of incidence of 
the light are given in Figs. 2, 3 and 4. For wave- 
lengths of from 0.88 to 2.5 » the measurements were 


Near infra-red region 


made with a glass prism in the monochromatizer, 
for longer waves with a prism of rocksalt. From the 
value of 5 for two angles of incidence of the light 
(45 and 85° for nickel, 45 and 80° for cobalt and 
iron) the real and imaginary components of the 
magneto-optic parameters M, and M, were calculated 
with formula (5) of paper [1]. The values for M, and 
M, for iron and cobalt for wavelengths longer than 
2.25 pw could not be calculated because of the lack 
of data for the optical constants in the literature. 
The optical constants for all three metals for a 
wavelength of 2.25 u were taken from the paper by 
Ingersoll [2], and for nickel for longer wavelengths 
from the data of Fig. 5 of paper [3]. 

The break in the curves M, and M, for nickel at 
A = 2.0 to 2.25 is explained by a certain difference 
in the optical constants of nickel in the two papers 
cited. When M, and M, have been determined from 
the value of 6 for two angles of incidence of the 
light one can calculate 5 for any angle of light 
incidence and compare the theoretical data with 
those obtained in the experiment, which was done 
for the experimental data obtained for ¢ = 60°. In 
Figs. 2, 3 and 4 the experimental values of 6 for 
¢ = 60° are indicated by crosses and the values 
calculated from formula (5) of paper [1] by a dotted 
line. 


DISCUSSION OF RESULTS 


On the basis of the data obtained one can affirm 
that the conclusion arrive at earlier [4] on the 
existence of magneto-optic resonance in the visible 
and near infra-red region is confirmed. Indeed, the 
form of the frequency dependence of the magneto- 
optic effect is for all three ferromagnetic metals, 
determined by the resonance increase in the 
magneto-optic parameter in the region studied. 

The right-hand part of Fig. 5 shows the section of 
the dispersion curves for the real and imaginary 
parts of the magneto-optic parameter for nickel on 
an enlarged scale. For this wavelength interval the 
curves show the characteristic resonance form: the 
imaginary part of the magneto-optic parameter goes 
through a maximum, the real part changes sign. For 
iron and cobalt it was not possible to calculate the 
magneto-optic parameter for all wavelengths for 
lack of the optical constants, but a comparison of 
the initial curves of the magneto-optic effect 
(Figs. 2, 3, 4) shows that it has the same form as 
for nickel but shifted a little to the side of longer 
waves. It is natural to expect that the curves M, 
and M, for iron and cobalt will also have resonance 
form, but that the resonance wavelength at which 
M, changes sign and M, reaches a maximum will be 
shifted to the region of from 2 to 4 pn. The course 


of the calculated sections of the curves M, are 
shifted to the right (about 2 1), M, drops sharply, 
and M, tends to a maximum. 

From what has been said there follows for all 
three ferromagnetics the conclusion that the disper- 
sion curves of the magneto-optic parameter in a 
certain wavelength interval has a form which cor- 
responds to a magnetic spin resonance in an effect- 
ive field of the order of 10’ to 10° oersted*. 

Existing work on the quantum theory of magneto- 
optic phenomena [5-7] does not yet yield data for 
the solution of the problem of the nature of this field. 
In the first of these papers the energy losses in the 
substance are not taken into account, so that it is 
impossible to apply the results obtained there to 
metals. In paper [7] the ideas of Hulme are extend- 
ed to ferromagnetics using the zone theory of 
metals. After a number of simplifying assumptions 
the author of [7] comes to the conclusion that the 
frequency dependence of M, and M, is the same, 
which is not in agreement with our experimental 
data. It is possible that the mechanism examined in 
paper [7] is responsible for the course of the 
magneto-optic parameter of nickel in the wavelength 
interval from 2 and higher where the values for 
M, and M, increase simultaneously and go thr ough 
a maximum at A = 5.5 p. But this result cannot be 
regarded as reliably established so long as more 
careful measurements are not made for nickel. 

Finally, according to the theory of Vonsovskii 
and Sokolov [6] one must expect the appearance of 
a resonance effect only for wavelengths of the order 
of 300 u. Therefore, the task of creating a quantita- 
tive theory of magneto-optic phenomena for the entire 
optical region of the spectrum cannot be regarded 
as solved. 

Inthe qualitative discussion of the problem of 
magneto-optic resonance attention is attracted by 
the following circumstance. The effective field 
necessary for obtaining the experimental values of 
the resonance frequency agree in order of magnitude 
well with the values of the molecular exchange 
field in ferromagnetics. The molecular field can be 
estimated either on the basis of the quasi-classical 
theory from the value of the Curie temperature, or 
from Bloch’s law for the temperature dependence of 
the spontaneous magnetization near absolute zero. 
Thus, for example, for iron for S = 1 the first method 
gives H,,,) = 1.2 x 10’ oersted, i.e. A, = 9 » [8], the 
gives H,,9) = 2.4 x 10’ oersted, i.e. Ay 4.5p 
9}. 


* The corresponding frequency of the magnetic spin 
resonance is 1/27mc X Heft = 10° oersted the resonance 
wavelength is approximately lu; for H.¢¢ = 2 x 10’ 
oersted it is 5p. 
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— Theoretical 


FIG. 2. Relative change in the intensity of the reflected 
light in the magnetization of nickel. 


—-— Theoretical 


FIG. 4. Relative change in the intensity of the reflected 
light in the magnetization of iron. 


The experimental value of A, lies in the interval 
between 2 and 3 u, and, hence, is in sufficiently 
good agreement with the values obtained from 
Bloch’s law. The main difficulty is that, generally 
speaking, spin resonance should not be observed in 
an exchange field. If under the influence of a high- 
frequency alternating field the entire spin system 
of a ferromagnetic as a whole makes a precession 
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FIG. 3. Relative change in the intensity of the reflected 
light in the magnetization of cobalt. 


FIG. 5. Real and imaginary components of the magneto- 
optic parameter of nickel, cobalt and iron in the 
visible and near infra-red regions of the spectrum. 


movement, resurgent moments of exchange origin 
should not arise since all spins remain parallel to 
each other during the movement. Therefore, for the 
appearance of exchange forces in magnetic reson- 
ance at least two groups, two “sublattices” of elec- 
trons must exist, the spins of one of which would 
make a precession movement in the exchange field 
of the other. It is possible that the s-and d-electrons 
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in the s-d exchange model of Vonsovskii represent 
two such electron groups. 

If one examines the s-d- exchange interaction one 
can start from the concept of the “anti-ferromagnet- 
ism” of the s and d electrons where the s-d ex- 
change integral is assumed to be negative and 
relatively small in absolute value [10], and from the 
concept of the ferromagnetism of the s electrons 
where the s-d- exchange integral is large and has 
a positive sign. [11]. 

If the quantitative theory confirms that magneto- 
optic resonance in a certain wavelength interval is 


of exchange origin, it will be possible to calculate 
the values of the exchange integrals from the ex- 
perimental data and draw conclusions on the elec- 
tronic structure of ferromagnetics. At all events, 
magnetic resonance should become as effective a 
means as any spectrographic method for the study 
of the interactions and energetic transitions with 
which its appearance is connected. 


Translated by B. Ruhemann 
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THE FACTORS AFFECTING THE CHANGE IN PHYSICAL PROPERTIES OF FERRITE 
DURING ANNEALING OF COLD DEFORMED FERRO-MANGANESE ALLOYS * 
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With increase in temperature on annealing time, 
the physical properties of cold deformed pure metals, 
due to relaxation and recrystallization, approach 
the properties of non-deformed metals (there is a 
reduction in hardness, tensile strength, coercive 
force, electrical resistance [1,2] ). The change in 
physical properties during the annealing of non- 
deformed alloys, especially heterogeneous alloys, 
has a more complex character [3-5]. 

A study of the phenomena occurring during the 
annealing of non-deformed alloys is not only of 
theoretical but also of practical importance, since 
it permits the study of the softening process. It is 
therefore important to establish the influence of 
different alloying elements, in dependence on their 
concentration, on disordering of the alloys, subject- 
ed to cold plastic deformation and subsequent an- 
nealing. 

The aim of the present work was to study the 
influence of the manganese content and annealing 
temperature on the softening of the binary ferro- 
manganese alloys, and also factors affecting the 
change in physical properties. 


MATERIAL AND METHODS OF EXPERIMENTS 


Alloys of iron with manganese were investigated. 
The chemical composition of the iron and manganese, 
the melting conditions and the diffusion annealing 
conditions are given in paper [6]. 

The alloys contained: manganese 1.14, 2.07, 
3.95, 6.0, 8.39, 10.54 per cent carbon — 0.05 per 
cent; other elements — not more than 0.1 weight 
per cent. 

The cold plastic deformation was achieved by 
rolling. The degree of deformation was calculated 
from the change in height of the specimen and was 
63 per cent. The hardness and electrical resistance 
were measured with 3 x 4 x 52 mm samples. 


* Fiz. metal. metalloved., 7, No.5, 699-702, 1959. 


For X-ray analysis, prisms were prepared mea- 
suring 1.5 x 1.5 x 10 mm, after annealing they were 
made into cylindrical pieces for the X-ray photo- 
graphs. 

Both series of samples were annealed simult- 
aneously. They were put into a hot furnace, kept 
for 30 min at the required temperature and slowly 
cooled with the furnace. The temperature was mea- 
sured with an accuracy of + 5°. Another two series 
of specimens were annealed at a higher tempera- 
ture. The temperature interval was 100°, and in 
special cases, 15° (if a maximum or minimum was 
observed on the curves). 

To remove the oxide layer, the surfaces of the 
samples were ground and then etched to remove the 
deformed layer produced during grinding. The hard- 
ness was measured by the Vickers method. The 
electrical resistance was measured by the ammeter- 
voltmeter method [6]. 

The X-ray photographs were taken with 0.6 mm 
dia. cylindrical samples. Cobalt radiation was used 
in a chamber with a 143.25 mm dia. drum The micro- 
photographs were taken with the MF-2 microphoto- 
meter with a magnification of 21. From the lines 
(110) and (220) distortions of the 2nd kind were 
measured, and from the lines (110) and (310) the 
value of the mozaic blocks and distortions of the 
third kind of the crystalline lattice [7]. 


THE RESULTS OBTAINED AND THEIR 
DISCUSSION 


According to the phase diagram of ferro- 
manganese alloys, the region of ferrite a-solid 
solution extends up to 3 per cent Mn. However, 
with relatively high rates of cooling in the alloys, 
up to 13 per cent Mn there is a metastable a-solid/ 
solution, saturated with manganese [8]. The deform- 
ation and the subsequent annealing lead to the 
decomposition of the saturated a-phase which is 
formed, and leads to a separation of the y-phase. 

In the alloys which we investigated, the y-phase 
separated out within the temperature range 450-600°. 


FIG. 1. Section of the Fe-Mn alloys phase diagram with 


the region of formation of the y-phase in the annealing 
of the cold deformed alloys. 


Fig. 1 shows a section of the phase diagram of 
ferro-manganese alloys. As well as the lines show- 
ing the boundaries of the phase regions, dotted 
lines are plotted,the bottom line indicating the 
start of separation, and the top line the start of 
solution of the y-phase. The formation of the 
y-phase in the alloy was detected by the appear- 
ance of interference lines (111) and (200) of the 
face centred lattice. These lines appear on the 
X-ray photograph when there is 3-4 per cent of the 
y-phase in the alloy. The solution of the y-phase 
was registered by the weakening of the interfer- 
ence lines. There was considerable widening of the 
a-phase lines and intensification of the background 
of the X-ray photograph. 

X-ray studies showed that the amount of y-phase 
separating depends on the percentage of manganese 
in the alloy, on the degree of deformation and the 
annealing temperature. 

The y-phase which separates due to deformation 
and annealing has a considerable influence on the 
physical properties of the alloy. Thus, the hardness 
of the alloy at first decreases and reaches a mini- 
mum value within the temperature range 550-600° 
(Fig. 2), when a considerable amount of the y-phase 
separates out. At annealing temperatures above 
625°, when the y-phase dissolves, the hardness 
increases sharply and reaches higher values than 
for the deformed alloys. 

With increase in the percentage of manganese, 
the minimum and maximum of hardness are displaced 
towards the low temperatures: the higher the 
manganese content the lower the temperature at 
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FIG. 2. The change in the hardness of alloys of varying 
composition depending on the annealing temperature 
with the same soaking (30 min and the degree of 
deformation. 

1 — 3.95% Mn; 2 — 6.0% Mn; 3 — 8.39% Mn. 


which the y-phase is formed and dissolves. 

An interesting fact is that the hardness begins to 
increase at those annealing temperatures where the 
amount of separating y-phase is still increasing. 
This is particularly true of alloys containing more 
than 6 per cent Mn. 

To explain this we studied the fine structure of 
an alloy containing 6 per cent Mn. This alloy was 
chosen so that the lines on the X-ray photograph 
obtained from the annealed sample of this alloy at 
500 and 600°, are sufficiently clear, and the hard- 
ness at 600° is somewhat greater than at 500°. 

The results given in Fig. 3 show that the distor- 
tions of the third kind of the crystalline lattice, 
with increase in annealing temperature, decrease 
down to temperatures where the y-phase begins to 
dissolve. Although these distortions remain suffi- 
ciently large, in the range 550-600° they cannot 
affect the change in hardness of alloys containing 
more than 6 per cent manganese (in Fig. 3 u? indic- 
ates the mean square displacements of the iron 
atoms from their normal places in the lattice). 

In this temperature range, the number of the D 
blocks increases, which should lead to a decrease 
in hardness. The increase in hardness observed 
experimentally is due to the fact that within this 
temperature range distortions of the second kind 
5a/a of the crystalline lattice increase. 

At the moment of solution of the y-phase, when 
the hardness increases sharply, there is intensive 
diffusion of the interferences. 

This prevents a quantitative evaluation of the 
number of distortions in the crystalline lattice and 
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FIG. 3. Change in the number of regions of coherent 
scattering (D) and distortions of the second (6a/a) 
and the third (\/@) kinds of the crystalline lattice 
in dependence on the annealing temperature for an 
alloy with 6% Mn. 
1—D;2 Va; 3 — da/a. 


the number of blocks. Measurements of lattice 
distortions and block numbers, carried out for the 
alloy with 2.07 per cent Mn show that during the 
solution of the y-phase, distortions of the second 
and third kind increase, and the number of blocks 
decrease. All three values affect the hardness, 
which means that the hardness of the ferro-manga- 
nese alloys remains high even after annealing at 
high temperatures. 

The separating y-phase has a marked effect on 
the change in coercive force and electrical resist- 
ance. Up to 400° the specific resistance hardly 
changes since there is no noticeable decomposition 
of the saturated solution of manganese in the 
a-iron (Fig. 4). Increase in the annealing tempera- 
ture from 400 to 600° is accompanied by a fall in 
the specific resistance, which coincides with the 
separation of the y-phase from the homogeneous 
a-solution. 

In the temperature range 600-700°, when the se- 
parating y-phase begins to decompose, the specific 
resistance increases and remains large at high an- 
nealing temperatures. 

In the alloy with 10.54 per cent Mn the e-phase 
appears at annealing temperatures above 700°. The 
specific resistance of this alloy therefore decreases 
sharply. The influence of the y-phase on the charge 
in coercive force is discussed in paper [9]. 

In conclusion, I would like to thank E.S. Bushuev 
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FIG. 4. The dependence of the specific resistance 
on the annealing temperature for alloys of 
different compositions. 


1 — 1.14% Mn; 2 — 2.07% Mn; 


3 — 3.95% Mn; 4 — 6.0% Mn; 
5 — 8.39% Mn; 6 — 10.54% Mn. 


and F.S. Moroz who examined the results and made 
a number of valuable suggestions. 


SUMMARY 


1. The main factors affecting the hardening and 
softening of ferro-manganese alloys are the large 
lattice distortions and the very small number of 
mosaic blocks. 

2. Within the range of annealing temperatures 
450-600°, as well as the enumerated factors, the 
change in physical properties is also affected by 
the y-phase, which separates out from the saturated 
a-solution. 


Translated by J. Thompson 
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THE PROBLEM OF THE SPHEROIDIZATION OF THE CARBIDE PHASE IN STEEL * 
D.S. KAZARNOVSKII 
Ukraine Metal Research Institute 
(Received 25 February 1958) 


The article considers the effect of soaking at a subcritical temperature and the rate of cooling 
from 700 to 600° on the rate of spheroidization of the carbide phase in alloyed steel. 


Problems of spheroidization of the carbide 
phase in steel are very important both in scientific 
work and applied work. In practice it is often ne- 
cessary to obtain alloys in a state of thermodyna- 
mic equilibrium. There is for example a steel 
containing globular carbides in a state close to the 
equilibrium. In this state tool steel has its lowest 
strength, its greatest plasticity andis easily 
worked. 

On the other hand, spherdoidized steel is much 
less resistant to loads at high temperatures (creep 
resistance). Spheroidization occurring at tempera- 
ture close to the working temperatures of modern 
turbo-boiler installations reduces the life of the 
equipment in these installations. 

Spheroidization of the carbide phase in steel is 
accompanied by a reduction in the inter-phase sur- 
face and consequently by a reduction in the free 
energy. Spheroidization should therefore occur 
spontaneously, however at low temperatures it pro- 
ceeds with a negligible speed. With increase in 
temperature, the rate of spheroidization increases 
sharply. 

According to modern ideas, spheroidization of 
the carbon phase during annealing is based on the 
diffusion transfer of carbon particles inside the 
solid solution between sections of different con- 
centrations. The chemical heterogeneity of the 
solid solution is caused by the different curvature 
of the inter-phase surface [1]. 

Despite the extensive application of spheroidiz- 
ation in practice, up to the present time is no 
single theory which can determine whether temper- 
ature of heating, soaking time, has a deciding in- 
fluence on the results of spheroidization or rate of 
cooling. 
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Some authors consider that spheroidization of the 
carbide phase can only be achieved at a tempera- 
ture somewhat higher than Ac, thus, Bullens [2] 
states that “if the temperature does not reach A, 
the cementite will not become rounded off in the 
small grains”. The same point of view is held by 
Honda and Saito [3] and others. 

Giie, and also Portven and Bernar consider that 
the coalescence of the carbide phase below 4,, 
proceeds only in steel which has been subjected to 
preliminary cold working or quenching to martensite. 

Other authors [5-9] consider that granular pearlite 
can also be obtained at a temperature somewhat 
less than hy., however prolonged soaking is re- 
quired due to the low rate of diffusion in the 
a-phase at these temperatures. 

According to the data Lauderdale and Harder [10], 
for the spheroidization of the carbide phase in 
carbon steels (0.17-0.78% C) at 704-718° soaking 
times of 114-150 hr are required. 

According to Bailey [11,12] the time t, needed 
for achieving a certain degree of spheroidization and 
the temperature 7' are related as follows: 

6 


t= 


where A and b are constants. 
For carbon steel 


33 000 
T 
t= Ae 


The decisive influence of the soaking time and 
the absence of the effect of cooling rate on spher- 
oidization when annealing below 4,, is very clear- 
ly shown in the German technical literature. Thus, 
Oberhoffer [13] states that “when annealing below 
A, the rate of cooling naturally has no effect on 
the formation of pearlite since there is no recrystal- 
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lization.” Gudremon [14] states that “since the 
temperature of annealing is below the critical, 
cooling can be carried out in air ...”. Rapatz [15] 
shows that for alloyed (Cr-Ni) steel in particular, 
extensive soaking below A,, is essential, the 
cooling after soaking can be arbitrary. 

It can be shown thermodynamically that the 
spheroidization of the carbide phase, apart from the 
soaking time at a subcritical temperature, is con- 
siderably affected by the rate of cooling in a range 
of temperatures corresponding to the sharpest 
change in solubility of the carbon in the a-phase. 

The aim of the present paper was to study the 
influence of the cooling rate from 700 to 600° on 
the spheroidization of the carbide phase. 

The studies were made with samples of 35KhN2M 
chrome-nickel-molybdenum steel, and with the same 
steel containing no molybdenum. In these steels 
the processes of solution of the complex carbides 
and the diffusion of the carbon are complicated by 
the presence of the alloying elements. The critical 
points of the steel were determined with the 
Kurnakov pyrometer, the rate of heating and cool- 
ing were ~ 3°/min. The point A,, appeared at 
740-750°. 

The first normalized specimens were heated to 
700°, and soaked at this temperature for 5, 10 and 
30 hr, and then cooled to 600° in a furnace with a 
rate varying from 130 to 10°/hr. 

After heat treatment of the samples with the 
methods mentioned, microspecimens were prepared 
and examined with an optical microscope. 

The results of the investigation (see Table 1, 
Figs. 1 and 2) first of all showed that with a suffi- 
ciently high rate of cooling, soaking up to 30 hr at 
a temperature of 700° did not have much effect on 
the spheroidization of the carbides: after soaking 
at 700° for 5, 10 and 30 hr and cooling in the fur- 
nace at a rate of 130°/hr, the pearlite remained 
laminar. 

This is apparently due to the fact that the time of 
soaking at 700° is much less than the soaking need- 
ed for spheroidization of the carbide phase in alloy 
steels of the composition studied. 

Our experiments showed that the deciding influ- 
ence in the spheroidization of the carbide phase 
was the rate of cooling from 700 to 600°, regardless 
of the time of soaking at 700°. Thus, on cooling 
from 700 to 600° at a rate of 130°/hr the pearlite 
remained laminar after soaking for 10 (Fig. 1a), 
and for 30 hr (Fig. 2a) at 700°. 

When cooling from 700 to 600° at a rate of 20°/hr 
spheroidization of the carbide phase took place 
regardless whether the time of soaking at 700° was 
10 or 30 hr. (Fig. 1b and 2b). 


After soaking at 700° for 5 hr and cooling from 
700 to 600° at a rate of 50°/hr, the carbide phase 
was at the initial stage of spheroidization (Fig.3a). 
On cooling from 700 to 600° at a rate of 30°/hr, the 
microstructure underwent a qualitative change — the 
carbide phase became spherical (Fig. 3b). With 
further reduction in the rate of cooling to 20 and 
10°/hr, the structure did not change qualitatively, 
the particles of the carbide approximating more 
closely to globules in their shape (Fig. 3c). 

The results of the experiments did not confirm 
the opinion of a number of authors [13-15] that 
during annealing below A, , the rate of cooling has 
no effect on the shape of the carbide phase, due to 
the absence of recrystallization, and that cooling 
after soaking at the subcritical temperature can be 
carried out at any speed. Of course, if the soaking 
at the subcritical temperature was very lengthy and 
the carbide phase had already become spherical, 
then the rate of subsequent cooling should not 
have much effect on the shape of the carbide in- 
clusions. However, as shown by the experiments, 
after a relatively small soaking at 700° (up to 30hr), 
when the extent of the spheroidization is still 
small, the rate of cooling from 700 to 600° has a 
decisive influence on the rate of spheroidization of 
the carbide phase. The importance of the rate of 
cooling in the range 700-600° is clearly seen from 
the fact that after soaking experimental steel at 
700° for 30 hr, the pearlite remained laminar, and 
after soaking at 700° for 5 hr and cooling from 700 
to 600° at a rate of 30°/hr (which totals ~ 8 hr) the 
spheroidization of the carbides was mainly com- 
pleted. 

The strong effect of the rate of cooling on the 
spheroidization of the carbide phase within the 
range 700-600° coincides with the sharp change in 
solubility of carbon in the a-phase; with further 
cooling below 600° the solubility of the carbon 
changes very little (Fig. 4). We are of the opinion 
that this coincidence is not accidental. 

At the present time, there is no single opinion 
concerning the limiting solubility of carbon in 
a-iron. In the literature, the values given for the 
limiting solubility are: 0.03, 0.04, 0.06 and 0.14-0.16 
per cent [16-17]. Nor is there any single opinion 
concerning the influence of the rate of cooling 
below A¢, on the separation of carbon from the 
a-phase. 

According to the results of Azintsev, and Arbuzov 
[18], with rapid cooling of technical iron from 700° 
not all of the carbon separates from the solution, a 
part of it (~ 0.02 %) remains in solution in the 
supersaturated state. 

We are of the opinion that the view of spheroidization 
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FIG. 1. The microstructure of a chrome nickel steel after soaking at 
700°C for 10 hr and cooling from 700 to 600°C with rates: 
a — 130; 6 — 20°/hr. Etching with 2% HNO; in alcohol; x 450. 


FIG. 2. The microstructure of a chrome nickel steel after soaking at 
700°C for 30 hr and cooling from 700 to 600°C with rates: 
a — 130; 6 — 20°/hr. Etching with 2% HNO; in alcohol; x 450. 


FIG. 3. The microstructure of a chrome nickel steel after soaking at 
700°C for 5 hr and cooling from 700 to 600°C with rates: 
a — 50; b — 30; c — 10°/hr. Etching with 2% HNO; in alcohol; x 450. 
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TABLE 1. The characteristics of the microstructure of steel annealed at 700° 


| 
Rate of cool- 


ing from 700 
to 600 /hr 


Characteristics of microstructure 


Thin laminar pearlite 

Thin laminar pearlite 

Granular pearlite 

Granular pearlite 

Pearlite with initial stage of spheroidization 
of the carbide phase 

Granular pearlite 

Granular pearlite 

Granular pearlite with regular distribution 
of the carbide grains 
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FIG. 4. The solubility of carbon in a-iron [16]. 


of the carbide phase based on the theory “solution- 
precipitation”, agrees well with the results of our 
experiments. 

In actual fact, in the spheroidization of the car- 
bide phase below A, there are two processes: 
solution of the sections of carbides with a large 
curvature of surface and diffusion of carbon to the 
finished centres of crystallization of the carbide 
phase. The first process can apparently take place 
relatively quickly, providing there is rapid removal 
of the dissolved carbon from the boundary layer. 

The work of formation of a new nucleus israther 
large. The dissolved carbon therefore diffuses to 
the finished centres. The diffusion of the carbon at 
temperatures below A, , proceeds extremely slowly, 
which makes it necessary to use very prolonged 
soaking for spheroidization at these temperatures. 
This is because the rate of spheroidization 


increases with temperature to the same extent as 
the rate of diffusion of carbon [1]. 

The results obtained in our experiments showing 
the deciding influence of the rate of cooling from 
700 to 600° on the rate of spheroidization of the 
carbide phase leads to the conclusion that with slow 
cooling in this range of temperatures, the diffusion 
paths of the carbon are shortened. This is apparently 
achieved by the more complete separation of carbon 
from the a-phase in the form of highly dispersed 
carbides, forming additional, more stable centres 
of “precipitation” of the dissolved carbon. 

From a practical point of view, the results of 
these experiments make it possible to reconsider 
the methods for obtaining granular pearlite, especial- 
ly in alloyed steels with a more intensive process, 
by selecting the optimum rate of cooling in the 
range 700-600°. 
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the work and for reading the manuscript. 
by J. Thompson 


In conclusion, we would like to thank Academi- 
cian G.V. Kurdyumov for valuable advice during 
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INTERMETALLIC PHASES ARISING DURING DIFFUSION IN THE SYSTEM 
IRON-TANTALUM * 
V.D. BURLAKOV and V.S. KOGAN 
The Physico-technical Institute of the Academy of Sciences of the Ukr. S.S.R. 
(Received 29 January 1958) 


Diffusion processes taking place at high temper- 
atures at the boundary of two metals in bi-metallic 
specimens, lead to the formation in the boundary 
layer of solid solutions or intermetallic phases of 
reaction diffusion. In most cases the alternation of 
phases in the diffusion layer with reaction diffusion 
corresponds to the phase diagram of the reacting 
phases. 


FIG. 1. Microsection of the iron-tantalum boundary after 
annealing at 1200°C for 100 hr: 
A — iron; B — the intermetallic compound Fe,Ta (along 
the iron-tantalum boundary and along the boundaries of 
the iron particles); C — tantalum. x 333. 


This paper deals with diffusion at the boundary of 
iron with tantalum in bi-metallic specimens, obtain- 
ed either by vacuum deposition of iron from the 
gaseous phase on to a tantalum plate, or by direct 
heating of both metals in the solid phase. These 
bi-metallic specimens were then subjected to 
prolonged soaking in vacuum at 1200-1400° and 
studies were made by metallographic and X-ray 
methods. 
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Onethe microspecimen at the point of contact of 
the iron with the tantalum (soaked at 1200° for 
100 hr) there could clearly be seen the layer of the 
intermetallic compound Fe,Ta, separated from the 
original metals by a sharp boundary (Fig. 1). This 
layer is much harder than the original components 
(on the microsection of Fig. 1 there are impressions 
of the diamond pyramids). Relative to the original 
contact, the layer of the intermetallic compound is 
towards the iron. Due to boundary diffusion of the 
tantalum into iron, the grains of the intermetallic 


FIG. 2. Microsection of alloy 
(5 at. % tantalum), 
formed due to diffusion at 1400°C: 
A — particle of a-solid solution of tantalum in iron; 
B — eutectic of a-solid solution + Fe,Ta. x 400. 


compound are also formed on the boundaries of the 
grains of iron at a distance from the original con- 
tact. 

If the iron is kept in contact with tantalum at 
1400°, then the intermetallic compound formed due 
to diffusion, in accordance with the phase diagram 
[1] at this temperature, forms liquid eutectics with 
both components which on solidifying give a char- 
acteristic eutectic structure with large inclusions 
of the basic phases. With excess of iron (up to 
33 at.% of tantalum) the microsections of these 
alloys are fully confirmed by the phase diagram: the 
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FIG. 3. Microsection of alloy (20 at.% tantalum), 
formed due to diffusion at 1400°C: 
A — particle of intermetallic compound Fe,Ta; 
B — eutectic @-solid solution + Fe,Ta. x 400. 


FIG. 4. Microsection of alloy (55 at. % tantalum), 
formed due to diffusion at 1400°C: 
A — eutectic FeTa+ tantalum; 8B — particle of 
intermetallic compound of FeTa. x 400. 


FIG. 5. Microsection of alloy (55 at. % tantalum), formed due to 
diffusiou. at 1450°C: 
A — eutectic FeTa + tantalum; 
B — particle of intermetallic compound of FeTa; 
C — particle of intermetallic compound Fe,Ta. x 400. 


alloy with 10 at.% of tantalum is a pure eutectic, 
with excess of iron with respect to this composi- 
tion, together with the eutectic there are large 
grains of a solid solution of tantalum in iron (Fig. 
2); with excess of tantalum there are grains of the 
intermetallic compound Fe,Ta (Fig. 3). 

If the tantalum in the alloy obtained in the above 
way exceeds 50 at.%, then from the phase diagram 
eutectics would be expected on the microsections 
(the intermetallic compound Fe,Ta + tantalum) and 
particles of the intermetallic phase Fe,Ta or 
tantalum. However, the coarse grained inclusions 
in this case (Fig. 4) differ both from the grains of 
the intermetallic compound Fe,Ta and from the 
tantalum grains. If the temperature of the experi- 
ment exceeded 1400°, then after rapid cooling, the 
microsection had simultaneously grains of Fe,Ta 
and grains of a new phase (Fig. 5). 


The appearance of a new phase in the system 
iron-tantalum led to a critical reconsideration of 
the data for the phase diagram of this system. 
Nemilov and Voronov carried out a full investiga- 
tion of the iron-tantalum system[2]. On the basis 
of metallographic data, and also from measurements 
of hardness and electrical resistance, the authors 
[2] drew a phase diagram supporting the earlier 
results [3] of the presence in the iron-tantalum 
system of an intermetallic compound FeTa, formed 
with each of the components of the diagram of the 
eutectic type. The existence in this system of an 
intermetallic compound Fe,Ta, shown by Genders 
and Harrison [1], was not confirmed in the work of 
Nemilov and Voronov. This compound was later 
obtained and studied in a number of papers [4,5]. 

It was found that Fe,Ta has an hexagonal lattice , 
with a ratio of axes c/a = 1.633 and axesa=4.80 A 


68 
. 


Intermetallic phases 


FIG. 6. X-ray diagrams of phases forming in the diffusion of tantalum into iron: 
A — intermetallic compound Fe,Ta; B — intermetallic compound FeTa. 


FIG. 7. Microsection of alloy (60 at.% tantalum), formed due to 
diffusion at 1400°C: eutectic FeTa + tantalum. x 500. 


and c = 7.84 A The fact that these parameters were 
obtained earlier [3] for the compound FeTa indicat- 
ed that the compound Fe,Ta had erroneously been 
ascribed the composition FeTa. In later papers it is 
therefore considered an established fact that in the 
iron-tantalum system there is one intermetallic 
compound Fe,Ta, forming eutectics with iron and 
tantalum. However, in all papers, alloys were 
studied having up to 50 at.% tantalum. This state- 
ment cannot therefore be considered to be proved 
experimentally. 

The presence on the sections of samples rich in 
tantalum (Fig. 5), of structural components differ- 
ing from Fe,Ta indicates that there is yet another 
intermetallic compound in the system (apparently, 
FeTa, observed by Nemilov and Voronov). An X-ray 
study of the alloys of the iron-tantalum system 
confirmed the presence in this system, as well as 
Fe,Ta, of yet another intermetallic phase with an 
hexagonal lattice and a ratio of axes c/a = 1.6 and 
larger lattice parameters than those of Fe,Ta. 

The system of lines corresponding to this phase 
always appeared on the X-ray photographs taken 
with specimens having excess tantalum. Fig. 6 
shows X-ray diagrams A of an alloy with excess 
iron (the Fe,Ta system of lines can be seen) and 
the X-ray diagram B of the alloy with excess 


tantalum. 

The intermetallic compound Fe,Ta has a lattice 
of the type Zn.Mg [6] (four atoms of tantalum and 
eight atoms of iron per unit cell). In the Zn,Mg 
lattice, which is isomorphous with Fe,Ta, the 
magnesium atoms can replace 2 of the 8 zinc 
atoms, forming the compound ZnMg with a lattice 
similar to the Zn,Mg lattice [7]. It may be suppos- 
ed that in the Fe,Ta lattice this substitution can 
take place with the formation of the compound 
FeTa. 

The presence, together with the eutectic, of two 
intermetallic phases in the specimens obtained 
by soaking, at a temperature above 1400°, iron in 
contact with an excess of tantalum (55-60 at.% 
tantalum), indicates that one of these phases forms 
by transformation in the solid phase below 1400°. 
From the appearance of the section it can be stated 
that this phase is richer in tantalum. The Fe,Ta 
compound which forms at temperatures above 1400° 
does not undergo phase transformation during cool- 
ing and remains in the sample in the form of large 
inclusions, observed on the section. 

The specimen containing 60 at.% of tantalum is 
a pure eutectic without coarse grained inclusions 
(Fig. 7). 

The above makes it possible to propose a phase 
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a — phase diagram proposed by Nemilov and 
Vornov; 
b — diagram proposed by Genders and Harrison; 
c — diagram obtained in the present paper; 
d — diagram composition — microhardness. 
1 — observed change of hardness with composition; 
2 — change of hardness assuming the correctness of the 
diagram given in Fig. 8b. 


diagram for the iron-tantalum system in a form 
similar to the phase diagram for the magnesium- 
zinc system having intermetallic phases isomor- 
phous with the phases of the iron-tantalum system. 
Fig. 8c shows this phase diagram — its “iron” 
side (up to 33 at.% tantalum) is known from liter- 
ature data [1].* To compare the “tantalum” side of 
the diagram we had the following data: 

(1) The presence of an intermetallic compound 
corresponding to the composition FeTa. 

(2) The composition of a eutectic — 60 at.% 
tantalum (from the concentration of the alloy for 
which only the eutectic can be seen on the section). 


* Figs. 8a and 8b give diagrams proposed earlier b 
Nemilov and Voronov [2], Genders and Harrison (il. 


The X-ray diagram of this alloy shows that the 
eutectic consists mainly of the intermetallic com- 
pound FeTa. 

(3) The eutectic temperature of ~ 1350° (deter- 
mined as the lower temperature limit for which the 
liquid phase appeared, detected after solidification 
by the presence of the eutectic on the section). 

(4) The presence of equilibrium between the in- 
termetallic compound Fe,Ta and the liquid phase, 
rich in tantalum at a temperature above 1400° and 
the separation of FeTa crystals from the liquid 
phase at temperatures below 1400°. 

(5) The absence of a gradual transition from the 
Fe,Ta lattice to the FeTa lattice (the FeTa and 
Fe,Talatticesare not observed by X-ray with 
changed parameters). 

The suggested phase diagram is confirmed by the 
hardnesses of various phases in the system. The 
values of microhardness or the a-solid solution of 
tantalum in iron (0.4 at.% tantalum), the eutectics 
of this solution and the intermetallic compound 
Fe,Ta (10 at.% of tantalum) and the pure intermetal- 
lic phase Fe,Ta (33 at.% tantalum) lie on a straight 
line agreeing well with the straight line obtained by 
Nemilov and Voronov. If, in accordance with the 
phase diagram accepted at the present time for the 
iron-tantalum system, it is considered that the inter- 
metallic compound Fe,Ta forms a diagram of the 
eutectic type with tantalum, i.e. the hardness of 
alloys from Fe,Ta to tantalum should decrease 
linearly, then the hardness of the eutectic of the 
intermetallide plus tantalum (60 at.% tantalum) 
should be much less than the hardness of Fe,Ta 
(curve 2 on Fig. 8d). In fact the hardness of the 
eutectic is almost equal to that of Fe,Ta. The 
values for the hardness of the eutectic lie on a 
straight line connecting the value of the harndess 
for the intermetallic compound FeTa (50 at.% tanta- 
lum) and pure tantalum (see Fig. 8d), which agrees 
with the proposed phase diagram. 
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INVESTIGATION OF IRON DIFFUSION IN CORUNDUM AND RUTILE BY MEANS OF THE 
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Experimental results are reported of an investigation of the iron atoms diffusion in the crystal 
lattice of the oxides of aluminium (corundum) and titanium (rutile); the results were obtained using 
the technique of layer removal and the absorption method. The test specimens were in the form of 
compressed powders on the surface of which a layer of labelled iron was deposited by condensation 
under vacuum. The results obtained point to the possibility of an individual analysis of diffusion 
in the body of a crystal and along the boundary surface. 


An investigation of the properties of oxide films 
forming on metals and alloys under the action of 
the surrounding medium (especially during a high 
temperature treatment of various parts) is of consi- 
derable practical and theoretical interest. 

As it is known, the heat resistance properties of 
an alloy are determined mainly by the protective 
properties of its oxide, which forms on the alloy 
surface. The heat protection characteristics of a 
dense oxide film, is, on the other hand, determined 
essentially by the diffusion velocity of the atoms 
of the constituents of the alloy subjected to oxida- 
tion. 

In the past years, considerable difficulties were 
encountered in carrying out such investigations. 
But, the possibility of using radioactive isotopes 
has extended considerably the scope of experiment- 
al studies in the field of solid state diffusion. 

A number of investigations has been reported 
during which use was made of labelled atoms and 
numerous interesting data on the diffusion in solid 
oxides are contained therein. In particular, data 
have been obtained for the diffusion of iron in 
wustite, magnetite and hematite, as well as in the 
spinels: ZnOFe,0, and CaOFe,0; [1, 2, 3]; similar 
data have also been available for the diffusion of 
Zn in ZnO and ZnOFe,0; [4], of copper in Cu,0 
[5], lead in PbO [6] and in PbOSiO,, 2PbOSiO, 

[7], of calcium in CaO [9], in CaOSiO, and 
CaOFe,0, [3,8], of barium in BaOTiO, [10], of 
cobalt in CaO [11], of nickel, chromium and zinc in 


the spinels: NiOCr,0,, ZnOCr,0;, NiOA1,0,, of 
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nickel in NiO, and chromium diffusion in Cr,O, [12]. 
The investigations were carried out on baked spe- 
cimens of ground oxides, on oxides obtained by a 
direct oxidation of the metals, as well as on miner- 
al oxides in the form of individual crystals. 

In the present investigation certain data are given, 
which are characteristic of the iron diffusion in 
a-Al,0, (corundum) and TiO, (rutile), as obtained 
in investigations by means of the radioactive iron 
isotope 


EXPERIMENTAL PROCEDURE 


Specimen preparation. The test specimens were 
prepared using powdered oxides: Al,Q, and TiO,. 
The impurity content in the aluminium oxide was 
as follows: SiO, — 0.1%; Fe — 0.05%; salts of al- 
kaline metals (recalculated to Na,O) — 0.1%; 

SO, — 0.2%; Cl — 0.05%. In the case of titanium 
dioxide, the impurities not precipitated with ammo- 
nia were 0.1%; Fe — 0.01%; heavy metals of the 
sulphides type (expressed as Cu) — 0.05 %. 

The specimens were in the form of tablets, 10 mm 
in dia. and from 3-5 mm thick, which were obtained 
by compression of powdered samples. The pressure 
used reached up to 4000—5000 kg/cm?. In order to 
obtain tablets of higher strength properties, the 
starting powder was moistened with distilled water 
(two to three drops of water for each tablet). After 
pressing, the specimens were dried at temper- 
atures from 100- 200°C for 10 hr; the tablets were 
then baked at 1100°C (for TiO,) and 1400°C (for 
Al,O;) for 50 hr, in an atmosphere of air or under 
vacuum of 107 to 10° mm Hg. 

As a result of baking, the TiO, tablets showed a 
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considerable shrinkage and surface crazing. No 
such phenomena were observed in the case of 
baked Al,0, tablets. In order to obtain a flat sur- 
face on the specimens, they were polished with 
emery cloth. The stresses produced in the speci- 
mens during the process of their preparation, were 
removed by subjecting the finished tablets to a pro- 
longed (20 to 25 hr) annealing treatment (homogeni- 
zation) under the temperature conditions correspond- 
ing to the highest test temperature during subse- 
quent diffusion tests (higher than 1000°C). On com- 
pletion of all such operations, the test specimens 
were then ready for depositing a film of iron on 
them containing the *°*Fe radioactive indicator. 

The density of the test specimens was determin- 
ed by weighing. In the case of corundum, it was 
2 g/cm’ and for rutile, from 30.3-3.69 g/cm°. 

Deposition of radioactive film. The coating of 
test specimens with the radioactive indicator was 
carried out under vacuum by vaporization of iron 
labelled with the **Fe radioisotope, which was 
previously deposited electrolytically on a tungsten 
spiral [13]. This deposition was carried out from an 
electrolytic bath of the following composition: 
FeCl,.4H,0 — 90 g, CaCl, — 100 g, H,O — 150g 
and a 3 to 5 ml. addition of a solution of iron, con- 
taining the *°Fe radioisotope, which was dissolved 
in concentrated HCl. The radioactivity of the bath 
amounted to 10-12 mc. The cathode was in the form 
of a tungsten wire, 0.5 mm in dia., made into a coil 
of 4 mm dia. The temperature of the electrolytic 
bath was maintained constant between 90-110°C. 
The cathode was coated with iron at a current 
density of 18 A/dm?, the period of deposition being 
30-40 min, which was chosen in such a way that 
the total weight of the iron deposited would not 
exceed 35 per cent of the spiral weight [14] and 
that the pulse rate as given by a Geiger counter 
with a mica window should be of the order of 
20,000 pulses/min. 

During the subsequent burning operation under 
vacuum which was undertaken for the purpose of 
vaporization of *°Fe labelled iron and the condens- 
ation of the metallic vapour on the test specimens, 
care was taken to avoid any vaporization of tungsten 
while at least 90 per cent of the active deposit 
was vaporized. 

A vacuum apparatus of molybdenum glass was 
used for depositing the coating of labelled iron on 
the test specimens, see Fig. 1. An essential part 
of this apparatus is in the form of a flask 2, with 
an air-tight joint (and a trap), into which was in- 
troduced the tungsten wire vapourizer previously 
coated with the radioactive metal. The specimens 
to be coated with the radiactive iron 5 were 
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FIG. 1. Diagram of vacuum apparatus constructed from 
molybdenum glass: 
1 — molybdenum leads; 
2 — flask with ground glass neck and trap; 
3 — tungsten wire spiral with radioactive material; 
4 — vessel for positioning of specimens; 
5 — specimens; 
6 — thermocouple valve. 
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FIG. 2. Theoretical curve 
N/No=t( uV Dt). 


positioned on the semi-spherical bottom of a glass 
beaker 4. 

The feed of electric current was by means of 
1 mm thick molybdenum leads sealed into the 
flask. The oxide specimens were individually seal- 
ed on the sides and at one end by means of alumin- 
ium foil. Up to six specimens were coated in one 
operation. The little beaker 4 suspended inside the 
flask 2 served to limit the penetration range of the 
metallic vapour produced by spiral 3. This beaked 
could be quite easily extracted from the flask for 
cleaning purposes. The radioactive metallic vapour 
condensed on the test specimen surfaces, produc- 
ing a dense and well adhering film whose thick- 
ness was of the order of several tenths of a micron. 
The initial activity of each specimen was found to 
be about 5000 pulses/min, as measured by means 
of a Geiger counter fitted with a mica window. 

Diffusional annealing. The diffusional annealing 
of the test specimens was carried out in quartz 
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tubes in a furnace whose temperature was maintain- 
ed automatically with an accuracy of + 5°C. Rutile 
test specimens were annealed in air at the temper- 
atures of 800, 900 and 1000°C, and, during the 
vacuum annealing (107 to 10° mm Hg), at the tem- 
peratures of 770, 850, 900, 950 and 1000°C. The diffus- 
ion in corundum was followed in the spe cimen during 


heating to the temperatures of 900, 1000 and 1100°C. 
The temperatures were controlled by means of 


Pt/Pt-Rh and chromel/aluminium thermocouples, 
inserted in the zone where the specimens in quartz 
tubes lay. 

Methods of determining the diffusion coefficient. 
In order the determine the diffusion coefficient of 
iron in corundum and rutile, use was made of two 
methods: (a) an absolute method, in which the dif- 
fusional constants D for each temperature were 
calculated from activity attenuation as a function 
of time, and (5) a method involving the removal of 
surface layers in which, after a prolonged anneal- 
ing by means of mechanical polishing, the surface 
layers were removed consecutively and the activity 
of the specimen was measured after the removal of 
each layer. The activity distribution curve cons- 
tructed from such data along the specimen thick- 
ness, served then as a basis for determining the 
diffusion coefficient. 

For calculating the diffusion coefficient on the 
basis of absorption data, in which an account is 
taken of the complex § and y radiation of the *°*Fe 
radioisotope, use was made of an equation, derived 
for the limiting conditions by Gruzin and Litvin 
[15], namely: 


where log and Iq — initial activities of the speci- 
men’s f and y radiations; /g and |) — activities of 
the a and B radiations of the specimen after its 
annealing for ¢ sec. — coefficient of B-ray absorp- 
tion by the material of the diffusion medium (in 
cm”), (erf — interval of the probability of 
error. On the basis of the above equation and with 
the help of mathematical tables [16] (for conveni- 
ence, use is made of the following symbols: 


08 — 
Dt=A 


the following theoretical function was constructed: 
N/N, = fA (Fig. 2) in which the factor A was deter- 


mined from the experimentally determined ratio 
~ N/N, and then a calculation was made of the 
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diffusion coefficient from the equation: 


prt (2) 


Because of the brittleness of the test oxides, it 
was found impossible to prepare dense specimens 
in the form of plates, which would be suitable for 
the experimental determination of the absorption 
coefficient. Therefore, its value was found from the 
following expression: 


where p — density of the material on the basis of 
the experimentally determined absorption coeffici- 
ent for aluminium. 

The determination of diffusion coefficient by the 
method of layers removal is based on a relationship, 
which follows from Fick’s law, between the concent- 
ration c of the material diffusing in a test specimen 
layer at a distance x from the initial boundary, and 
the concentration Co, the diffusion coeffient D and 
the time ¢, necessary for reaching the value of 
equilibrium concentration in the zone in question: 


Assuming that the concentration c is proportional 
to the activity V in the layer and having construct- 
ed the curve of log N = f (x*), for finding the value 
of tana, which is the angle of slope of this straight 
line, we have determined the diffusion coefficient 
from the expression: 


0.1086 
tana (5) 


EXPERIMENTAL RESULTS 


Diffusion of iron in corundum. Preliminary tests 
with corundum test specimens in the atmosphere of 
air showed that, even during a prolonged annealing 
(200 hr) at the temperature of 1000°C, no reduction 
in activity was observed by the absorption measure- 
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TABLE 1. Diffusion coefficient of iron in @Al,0, heated in vacuum 


Annealing 
temperature, duration 
ed in hr 


Annealing | Diffusion coefficient |Grain boundary diffusion 
in grain coefficient 
Dyo1,cm?/sec 


Dgr,cm’/sec x 107° 


189 629x107 | 
99 2.02x10—!* 
20 ** 


| 


| 
30 45, 60 75 
x0, cm 


FIG. 3. Distribution of **Fe activity in corundum 
specimen after its annealing in vacuum for 189 hr 
at the temperature of 900°C. 


ment technique. Therefore, the absorption method 
is not suitable for our purpose. 

The method of layers removal, on the other hand, 
when used in connexion with corundum specimens 
which were vacuum-treated at the temperatures of 
900, 1000 and 110°C, made it possible to construct 
the activity distribution against specimen thick- 
ness curves in the (-x) co-ordinates, one of such 
curves being shown in Fig. 3. The same curve but 
in semi-logarithmic co-ordinates: log N = f (x?), is 
shown again in Fig. 4. 

As it is clear from Fig. 4, the activity distribu- 
tion curve as a function of the specimen thickness, 
if represented in the semi-logarithmic co-ordinates 
(x is the specimen thickness as measured from the 
side of the radioactive layer), is divided into two 
straight line sections, one of which (the initial 
part of the N-x curve) is, clearly, characteristic 
of grain diffusion (crystallite), while the other 
(final part of the N-x) curve is characteristic of the 
intercrystallite diffusion. 

On the basis of the above curve, we then deter- 
mined the diffusion coefficients of iron in a-Al,03, 
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FIG. 4. Distribution, in semi-logarithmic co-ordinates, 
of the *°Fe radioisotope in corundum test specimen 
after its annealing for 189 hr under vacuum at 
the temperature of 900°C. 


as given in Table 1. With the help of the above 
data, the curve was then plotted of log D = f (1/7). 
In Fig. 5, the straight lines 1 and 2 represent the 
diffusion along boundary surfaces and in the grain 
volume, respectively. The temperature dependence 
of the diffusion coefficient can on the basis of the 
above data, be expressed as follows: 

(1) for the case of volume diffusion 


27000 
RT 


D, 1= 9.18% 10-8¢ 


Vv 


and 
(2) for the case of intercrystalline (boundary) 
diffusion: 
11000 


Dg = 1.37 x 10~%e (7) 


Diffusion of iron in rutile. The results of exper- 
imental diffusion coefficients of iron in rutile 
during annealing in air are shown in Table 2. 

In absorption tests, the rutile test tablets were 
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TABLE 2. Diffusion coefficients for iron in rutile samples heated in air atmosphere 


Annealing 
temperature 
°c 


Absorption 
method 


Layer removal method 


Diffusion 
coefficient 
Dyol, cm/sec 


Dyol 
sec 


Der 
cm*/sec X 107 


800 
900 
000 


1.28x 107 
1.55 x107!2 
7.34 X107 !2 


TABLE 3. Diffusion coefficients for iron in rutile specimens heated in vacuum 


Annealing 
temperature 


Absorption 
method 


Layer removal method 


cm? /sec 


cm?/sec 


D 
gr 


cm?/sec x 10” 


1.96% 1071! 
5.49x107 1! 
2.581907 10 
1.49 X19— 1° 
4.19 X19— 10 


5.90% 107 
5.53xK 107 
2.88x107!! 
6.96x 107 !! 


removed from the furnace periodically. The reduc- 
tion of activity, as observed with three specimens 
of rutile at various temperatures, as a function of 
heating is shown in Fig. 6. 

The absorption coefficient had values from 295 
to 330 cm*, according to the specimens thickness. 

The distribution of activity along the tablet 
thickness was determined by the method of layers 
removal, referred to above. Using data as given in 
Table 2, the curve was then constructed of the 
function log D = f (1/T) (Fig. 7). 

Final values of the diffusion coefficients, obtain- 
ed during vacuum annealing of rutile specimens, 
are given in Table 3. Values of the absorption 
coefficient for vacuum-annealed rutile test speci- 
mens varied from 327-359 cm~. According to data 
given in Table 3, a curve was then plotted of the 
function D = f(1/T) (Fig. 8) [17]. 

Values of the activation energy Q and of the 
pre-exponential factor D, for rutile under various 
test conditions, were calculated from experimental 
data and are given in Table 4. 

A comparison of the data tabulated in Table 4 
shows good agreement of the values of Q for test 
specimens annealed under various conditions: air, 
or vacuum. On the other hand, the value of D, de- 
pends to a great extent on the experimental condi- 


tions. 
EVALUATION OF TEST RESULTS 


It is clear from an analysis of the curves of 
log D = f (1/T) that the diffusion process in the 
oxides follows the law D = D, x e—Q/Rt, 

The reason that in the tests described here, which 
were carried out by means of the layer removal 
technique, as distinct from the data of other workers, 
it was found possible to evaluate individually the 
diffusion coefficients in grain volume and in the 
grain boundaries (on the basis of difference in the 
slope of curves obtained with the data obtained for 
the surface layers, in which the process of diffus- 
ion has already been accomplished, and those for 
the deeper lying layers in the case of which the 
material penetrates by the mechanism of boundary 
diffusion), can be explained as being due to the 
fact that the grain size, in the test specimens used 
by us was from 1 to 10 u, while the thickness of 
the layers removed amounted to 2 p. 

Unfortunately, almost no data have been reported 
so far in the technical literature for the effect of 
grain size on the shape of curves, the splitting of. 
which into two parts with different slope values, 
made possible an evaluation of the diffusion along 
the grain boundaries and in the grain volume. 
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TABLE 4. Comparison of values for activation energies Q and pre-exponential 
factors D, determined for rutile samples annealed in air and in vacuum 


Absorption 


em’/sec keal Dz, cm?/sec 


Air atmosphere 
(800—1000° C) 
107 * — 
1073 mm Hg 
(770— 1000° C) 


Layer removal method 


Boundary 
diffusion 


Av. value 


Do, em?/sec Do, em*/sec 


1.73 1075) 34 11.98. 1072) 55 11.10 - 34 


9.69. 1074] 34 (1,92 - 1074155 416.17. 


1.13 - 1079) 34.7 
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FIG. 5. Diffusion in corundum of the **Fe radioisotope. 
Line ] was obtained for intercrystalline diffusion; 
Line 2 was obtained for volume diffusion. 


It is absolutely clear that a comparison of the 
adsorption and layer removal techniques must in- 
volve considerable difficulties, both from the point 
of view of the principle and method involved. 

It is interesting to note that in our tests, the 
data obtained by the adsorption method agree satis- 
factorily with the mean values given by the layer 
removal technique. 

In fact, by averaging the values (D,,) and D,,) 
for the diffusion of iron in rutile, we get the follow- 
ing values for Dogy and Qay (eg. Table 4): Doay = 
1.56 x 1075 cm?/sec, Qay = 34.7 kcal), which are 
close to those obtained by the absorption method 
(1.56 x 10°5 cm?/sec and 34 kcal). 

One should draw attention to the fact that the 
value of Q was the same for the diffusion of iron 
in TiO, when the test specimens were annealed 
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FIG. 6. Absorption of §-radiation from the 5°Fe radio- 
isotope in rutile, annealed in atmospheric air at 
the temperatures of 800, 900 and 1000°C, as 
a function of time. 


both in air and in vacuum. At the same time, the 
values of D, corresponding to these conditions 
differed by two orders of magnitude the higher 
value corresponding to the annealing in vacuum. 

Future investigations in this direction should 
provide an explanation of a similar effect of air, if 
the diffusion occurs in it. 

The authors express their gratitude to P.L. Gruzin 
for his valuable advice in connexion with the de- 
velopment of diffusion measurement techniques. 


CONCLUSIONS 


1. With the help of two diffusion coefficient 
measurement techniques, the absorption and layer 
removal methods, experimental data were obtained 
for the diffusion of iron in the oxides of a-Al,0; 
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FIG. 7. Diffusion of 5°Fe in rutile during annealing in 
atmospheric air. 
Line ] was constructed from mean data for the processes 
of intercrystalline diffusion (line 3) and for diffusion 
through grain (line 4) as determined by the method of 
layer removal. Line 2 was obtained by the absorption 
technique. 


(corundum) and TiO, (rutile). 

2. Curves were constructed for the dependence of 
the coefficient of diffusion of iron in corundum as 
a function of temperature, in the temperature inter- 
val from 900 to 1100°C and in the case of rutile, in 
the temperature interval from 770 to 1000°C. An 
evaluation was made of the value of D, D, and Q 
for the diffusion process in the body of grains 
(crystallites) and along the grain boundaries in 
a-Al,O,; and TiO, (rutile). 

3. A method was developed for depositing a layer 
of radioactive material for diffusion investigations, 
by means of vaporization under vacuum. 


Translated by H. Cygielski 
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SOLUTIONS IN NICKEL DURING A HIGH TEMPERATURE DEFORMATION * 
V.M. ROZENBERG and L.V. GRADOVA 
Institute of Metallurgy and Metal Physics of the Central Ferrous Metallurgy Research Establishment 
(Received 20 January 1958) 


Structual changes during a slow plastic deforma- 
tion have been studied in a series of investigations 
(1-8), the majority of which were carried out on 
aluminium or other low melting point metals. It was 
shown by means of metallographic and X-ray methods 
that as the temperature is increased and the deform- 
ation velocity decreased, the mechanism of slip 
changes to what was defined by Wood [1] as the 
“block formation mechanism of slip”. According to 
Wood’s data, the deformation at high temperatures 
and low deformation speeds depends on the forma- 
tion of blocks inside the metal grains and their sub- 
sequent displacement with respect to one another. 

Basic laws of block formation were established, 
as well as the dependence of the block dimensions 
on the deformation temperature, the starting grain 
size and the degree of the metal purity. It was found 
that the higher the deformation temperature and the 
lower the deformation speed, the greater the block di- 
mensions. At a sufficiently high temperature, the 
equilibrium size of the blocks can become equal to 
the grain size. Under these conditions, no grain 
fragmentation was observed, but instead of this a 
displacement of grain set in with respect to each 
other. In a metal of higher purity, the grain frag- 
mentation occurs comparatively easier than in tech- 
nically pure ones. 

At present there exist two hypotheses regarding 
the grain fragmentation mechanism during a slow 
plastic deformation: 

Wood and his co-workers [1-3] postulated that the 
formation of sub-grains represents an independent 
mechanism of deformation, which involves a direct 
breakdown of the initial grain into sub-grains. 
According to another viewpoint, as put forward in 
the work of McLean [4], Servi and Grant [8], as well 
as in other works, it based on the assumption that 
the formation of sub-grains represents a special 
case of polygonization. The formation of sub- 


grains is explained as being due to the presence of 
deformation bands along which the crystal is sub- 
jected to a considerable bending stress. 

The purpose of the present work was to study the 
character of structural changes in nickel, and in 
solid solutions of titanium in nickel, during deform- 
ation at elevated temperatures (700 and 900°C). The 
selection of the above materials for our invest- 
igations is of interest in connexion with the fact 
that nickel forms the basis of numerous heat resist- 
ant alloys. The composition of the alloys investi- 
gated is given in Table 1. 

In order to obtain a uniform grain size of the 
order of 0.2-0.3 mm, the test alloys were subjected 
to a preliminary annealing at the temperature of 
1200°C (alloy No. 134 for 1 hr, alloy No. 136 for 
2 hr and alloy No. 137 for 3 hr). The test loading 
was chosen in such a way that the failure of the 
specimens occurred several hours after the test was 
started or at a period of some tens ofhours after - 
wards. The deformation, at which the failure occurs 
within a few hours, will be referred to as the “rapid 
deformation”, while the other, as the “slow defor- 
mation”. 

The specimens were subjected to tensile stres- 
ses in a vacuum testing machine. In the following, 
a description is given of typical changes in the 
structure of the alloys investigated and the main 
test results are reported. 


STRUCTURAL CHANGES DURING DEFORMATION 


As an example of a change in microstructure, 
which takes place under the action of stresses 
resulting in a rapid failure of the test specimen, we 
shall study the case of nickel (specimen No. 134-1). 
The temperature of the specimen tensile loading 
was 700°C and the stress was 5.2 kg/mm’. In Figs. 
1 and 2 are shown two photomicrographs obtained 
in various stages of specimen loading*. In Fig. 1 


* Fiz. metal. metalloved., 7, No.5, 722-731, 1959. 


* In Figs. 1-3, 6-11 and 13, the stress is directed 
parallel to the horizontal axis of the micrograph. 
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TABLE 1. Chemical composition of alloys 


Percentage concentration of constituents, by weight 


Cr Ti 


n.d. 0.08 


As above 
As above 


Trace | 0.23 | U.002| Trace | By difference 


3.57 As above ().20 | 0.007; U.9U2As above As above 
6,30 As above ().40 | 0.066] 0.00/As above As above 


| | 


FIG. 1. Microstructure of nickel test specimen (No. 134-1) 

after it has reached 0.7 per cent deformation at the test 

temperature of 700°C and under a stress of 5.2 kg/mm’; 
x 200. 


it is shown that, as the conditions mentioned 
above, already after a deformation of 9.7 per cent, 
the slip bands have formed in all grains. An in- 
crease in the degree of deformation produces an 
increase in the number of slip bands present in in- 
dividual grains, while the width of the slip bands 
becomes greater as a result of an increase in the 
shift in each band. There is also a shift of grains 
with respect to one another: when viewed under a 
microscope, the grain focusing is different (Fig. 2). 
The specimen in question failed 1% hr. The total 
elongation which preceded the specimen failure 
amounted to 35 per cent. In Fig. 3 is shown the 
structure as observed close to the failure point. 

Let us now consider changes in the form of X-ray 
diagrams obtained on rapidly deformed test speci- 
mens. 

First of all, a more detailed description will now 
be given of the X-ray diagram obtained with a non- 
deformed test specimen and, using this diagram as 
a basis, we shall proceed to that given by an an- 
nealed specimen right up to the moment ofits de- 
formation. The remarks that follow will apply 


FIG. 2. As in Fig. 1 but after a 35 per cent 
deformation. 


The specimen failed; 
x 200. 


equally well to the specimens of those alloys which 
were subjected to a preliminary treatment in order 
to equalize their grain size (of the order of 0.1-0.3 
mm). 

In all cases of X-ray diagrams of a non-deformed 
test specimen, there is found a number of sharp 
spots (see Fig. 4). In addition to these spots, which 
are produced as a results of scattering of the char- 
acteristic radiation, there is present also a small 
number of less intense Laue spots. The spots ob- 
tained as a result of scattering of the characteristic 
radiation, show, as a rule, no splitting in radial 
direction, i.e. no Kg-doublet is observed. This 
means that in the majority of cases, the disorienta- 
tion in grains prior to deformation does not exceed 
42’, which is the value of angular difference of the 
(420) reflection during the prepatation of the X-ray 
diagram in Kg, and Kg, radiations. 

In Fig. 5 is given a series of X-ray diagrams 
obtained at one and the same spot of one particular 
test specimen but at various stages of its tensile 
loading. It is clear from these diagrams that low 
deformation (less then 1 per cent) leads to a certain 
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| Mn | | Al | 
134 | 0.02 | 0.04 | 
| | 
136 0.02 | U.05 | 
137 0.02 | 0.05 
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FIG. 3. Another spot in the specimen as shown in Fig.2, 
but close to the point of failure; x 200. 


FIG. 4. X-ray diagram of a non-deformed test specimen. 


Soft radiation. Focusing on line (420). 


FIG. 5. X-ray diagram of nickel test specimen (134-1) at one point of the 
test specimen but at various deformation stages; 
(a) — before deformation; 
(b) — at a deformation of 10 per cent; 
(c) — at a deformation of 14 per cent. 


diffusion of the interference spot, although the 
doublet is clearly separated. As the degree of de- 
formation is increased, the individual spots change 
into arcs which represent sections of Debye rings, 
with the maxima location corresponding to the origin- 
al spots. 

If judged in terms of resolution of the K,-doublet, 
which is retained in the diagrams right up to the 
specimen failure, it can be said that the second 
order stresses are either absent in the test speci- 
men, or their value is insignificant. 

The diffusion of the original spots into arcs should 
be associated with a splitting of an initially large 
grain along the slip planes into smaller parts and 
with a certain rearrangement of these parts with res- 
pect to one another. The appearance of a complete 
Debye ring is produced by a considerable fragment- 
ation of the grains and their disorientation. Start- 
ing with the condition of obtaining a dense ring for 
a given geometry of the X-ray diagram preparation, 
the maximum size of the fragments can be estimated 


to be of the order of 10° mm. The thickness of 
plates as measured between the slip lines, has an 
average value of about 5 x 10™mm. 

A change in the microstructural and X-ray natures, 
of the type described above for specimen No. 134-1, 
was found to occur also with specimen No. 134-2 
(tensile loading temperature of 700°C under a stress 
of 3.5 kg/mm?), specimen No. 136-2 (700°C and 
8 kg/mm?) and with specimen No. 137-2 (700°C 
and a stress of 8 kg/mm?). 

During deformation under a stress value leading 
to the specimen failure at test periods extending 
for some tens of hours, the nature of changes in the 
microstructures differs from that described above 
and, clearly, it is independent of the temperatures 
at which tensile loads were applied to the test 
specimens. 

As an example, let us consider the deformation 
pattern of specimen No. 137-5 (nickel + 6.3 per 
cent titanium) at the test temperature of 900°C and 
under a stress of 2 kg/mm’. 
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FIG. 7. As in Fig. 6 but after a 4.2 per cent deformation 


FIG. 6. Microstructure of specimen No. 137-5 before its 
at the test temperature of 900°C under a stress of 


deformation (solid solution of titanium (6.3 per cent)in 


nickel); x 200. 


FIG. 8. The same spot as in Fig. 7, but after the 
specimen failure; total deformation of 14.5 per 
cent; X 200. 


In Figs. 7 and 8 the microstructure of a test 
specimen after a 4 per cent deformation and failure 
is shown. It is clear from the micrographs that with- 
in the limits of the old grains there are present new 
boundaries — a fact that was not observed at a re- 
latively high deformation speed. In accordance with 
the terminology accepted in technical literature, we 
shall call these new boundaries “sub-boundaries” 
and the regions contained within them sub-grains, 
or fragments. 

Sub-boundaries are found not only in the grains 
which suffered extensive slip but also in such 
grains in which the extent of slip is just perceptible. 
In cases when the sub-boundaries appear on the 
background of slip lines, it can be seen quite clear- 
ly that there is a definite relationship between the 


2 kg/mm?; x 200, 


FIG. 9. The same specimen as in Fig. 8, 
but at another point; 
x 200. 


slip line direction and the sub-boundary: the long 
side of the sub-boundaries is perpendicular to the 
slip line (Figs. 9, 10 and 11). 

However, the nature of the X-ray diffraction 
diagrams changes in the case of slow deformation. 
In Fig. 12 is shown a part of X-ray diagrams 
obtained for the test specimen No. 137-5. The dia- 
gram of a non-deformed specimen shows some sharp 
spots. After a 5 per cent deformation of the speci- 
men, at the points originally occupied by a diffrac- 
tion spot, there appears now a number of smaller 
spots arranged on an arc. The K,,q, doublet also 
appears. This means that the starting grain has 
been broken up into a series of individual and 
smaller fragments, the orientation of which is only 
slightly different from that of the original whole 
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FIG. 10. The same specimen as in Fig. 8 but at another 
point; x 200. 


grain. As follows from an examination of the series 
of X-ray diagrams here given, an increase in the 
degree of deformation leads to a higher degree of 
breakdown and a higher disorientation. By making 
use of the Kirsch and Kelly’s equation [9]: sin8/2= 
(1/R cos 9 (£ is the angle of disorientation; / the 
half of the distance between the outermost spots in 
an arc) it is possible to evaluate the maximum 
degree of disorientation within a grain (i.e. to eva- 
luate the angle between the fragments producing the 
outermost spots in an arc), which is B,,,,, as well 
as the disorientation between the fragments res- 
ponsible for the neighbouring spots in the X-ray 
diagram, i.e. the value of 8. A calculation gives the 
following values £,,,, = 6° and B = 30 — 60’. 

An evaluation of the dimensions of fragments, on 
the assumption that all the fragments, present in the 
irradiated volume*, reflect X-rays', leads to the 
linear dimensions of the fragment as being about 
10° mm. 

Microscopic measurement of the dimensions of the 
fragments gives a figure of about 3 x 107. The 
figures quoted above are, of course, only quantita- 
tive in nature. This is because a series of simpli- 
fying assumptions was made in the calculating 
procedure, while the measurements were made on a 
limited number of fragments only. A discrepancy in 


* The irradiated volume is determined from the X-ray 
beam area on the specimen surface and from the layer 
semi-absorbing the X-rays. 

t The assumption that all elements of the volume are 
reflective and that it is possible to superimpose spots 
produced by the individual fragments involves a re- 
duced number of fragments in a unit of volume and 
therefore leads to higher data for their dimensions. 


FIG. 11. The same specimen as in Fig. 8, but at another 
point; x 200. 


the values of fragment dimensions, as measured by 
metallographic and X-ray techniques, was reported 
also in a number of other investigations [8]. 

Structural changes found in the case of test spe- 
cimen No. 137-5 (nickel + 6.3 % Ti) in which was 
tested at the temperature of 900°C under a stress of 
2 kg/mm?, were found also in pure nickel (tested at 
900°C under a stress of 2 kg/mm?) and in nickel 
with 3.6 % titanium (tested at the temperature of 
900°C under a tensile stress of 2 kg/mm? and at 
700°C and at the stress of 4 kg/mm?). 

With regard to the results obtained with the last 
test specimen, which was tested at the temperature 
of 700°C, one should note that the factor which de- 
termines the formation of sub-grains is not only the 
temperature but also the speed of deformation. 

In Fig. 13 is shown a micrograph prepared for 
specimen No. 135-7 (nickel + 3.6 % Ti) after an 
elongation of 9.5 per cent. The deformation of this 
test specimen was carried out at the temperature of 
700°C under a tensile stress of 3.9 kg/mm?. Owing 
to the presence on the specimen surface of accident- 
al scratches, the shift of grains with respect to one 
another is visible especially well. This points to 
the fact that in the case of a relatively slow deform- 
ation velocity, there is also in the absence of a 
visible slip, a shift of grains with respect to each 
other. 

In addition, a process involving frontal displace- 
ment of the boundaries is associated with the 
behaviour of such boundaries and therefore some 
grains grow at the expense of others. These pheno- 
mena were described in work [10]. 

Failure of test specimen. In Fig. 3 is shown the 
development of cracks in a test specimen showing 
a clearly defined slip. Figs. 7 and 8 show the 
development of cracks in a specimen in which the 
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FIG. 12. Parts of X-ray diagrams obtained at the same point of specimen No. 137-5 but at 
various phases of elongation at the temperature of 900° under a stress of 2 kg/mm’; 
(a) — after 0.7 per cent deformation; 
(b) — after 10.7 per cent deformation; 
(c) — after 29 per cent deformation; 
(d) — after failure (deformation of 35 per cent). 
Copper radiation. Focusing on the (420) line. 


FIG. 13. Microstructure of the solid solution of titanium 

(3.6 per cent) in nickel (specimen No. 136-7) after a 4 

per cent deformation at the temperature of 700°C and a 
stress of 3.9 kg/mm’; x 200. 


formation of sub-boundaries was established. The 
appearance of cracks that are detectable under a 
microscope, does not lead to an immediate speci- 
men failure. This means that the process of forma- 
tion and development of cracks makes its own con- 
tribution to the overall specimen elongation. 

At the temperatures of 700 and 900°C and under 
all test load values, the failure of test specimens 
corresponds to the grain boundaries. 

An examination of the failures showed that the 
cracks are distributed either perpendicularly to the 
specimen axis (perpendicularly to the direction of 
stress application) or at a certain angle with res- 
pect to it. No cracks were found to correspond to 
the doublet boundaries. 


| 


Nit 3.6% Ti 


~ 


= 2 


Tensile load, % 


Time, hr 


FIG. 14. Curves of creep of solid solution of 3.6 per cent 
of titanium in nickel at various 
temperatures and pressures. 


COMPARISON OF THE BEHAVIOUR OF 
INDIVIDUAL ALLOYS 


On the basis of the investigations carried out so 
far it is possible to comment qualitatively on the 
effect of the chemical composition and deformation 
rate on the process of grain fragmentation in various 
alloys. 

Effect of the deformation rate. Let us compare 
the performance of test specimens No. 136-4 (700°C, 
under a stress of 8.2 kg/mm?) and specimen No.136- 
7 (900°C and 2 kg/mm?), for which a graphical re- 
presentation of creep curves is given in Fig. 14. In 
the first test specimen, the rate of deformation was 
much higher than that for the second one, and slip 
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lines developed in the process of its deformation. 
In the second test specimen, in addition to the 
appearance of slip lines in certain grains, the 
formation of sub-grains is also found. 

A comparison of test specimens of an identical 
solid solution, which were tested at various temp- 
eratures but at an approximately equal creep rate 
(specimen No. 136-7 at 700° and specimen No. 136-8 
at 900°C) shows that in both cases slip lines and 
sub-grains are found. 

Let us now consider some examples of the effect 
of the deformation velocity on tue properties of 
another solid solution, the test data for which are 
given in Table 2. The specimen No. 137-2 gave an 
elongation of 18 per cent during a test period of 
2% hr at the temperature of 700°C, while specimen 
No. 137-4 of the same solid solution and at the same 
test temperature gave an elongation of 18 per cent 
but during a test period of 120 hr. In the first spe- 
cimen only slip lines were found, while the second 
specimen showed the presence of sub-grains. 

The above examples show that, irrespective of 
the test temperature used for the specimen tension- 
ing and independently of the specimen’s chemical 
composition, the deformation at relatively high 
rates proceeds only by the slip mechanism, while 
grain fragmentation also is involved at lower de- 
formation rates. 

Effect of chemical composition. A comparison 
between the test specimens No. 134-5 (900°C and 
0.82 kg/mm?) and No. 137-5 (900°C and 2 kg/mm?) 
shows (see Table 2) that, in spite of the higher de- 
formation rate, the formation of sub-grains was 
found to occur in pure nickel, whereas in nickel 
alloyed with titanium there are present both slip 
lines and sub-grains. An increase in the deformation 
rate for nickel specimens tested at an identical 
temperature (specimen No. 134-7) leads to the form- 
ation of slip lines, which is in addition to that of 
the sub-grains. 


EVALUATION OF TEST RESULTS 


The test data reported above show that in the 
case of nickel and nickel-based solid solutions 
with titanium, as well as in other lower-melting 
point metals and alloys, the test data for which 
were reported previously [1-8], at elevated temper- 
atures and lower deformation rates, apart from slip, 
there is also found to occur the fragmentation of 
grain into “blocks” and a displacement of grains 
with respect to each other. One should note that the 
blocks are not of the mosaic block type (sections 
of a coherent scatter of the X-rays). The blocks 
whose formation was detected during the present 


investigations, and which were previously describ- 
ed in the works of Wood and other workers, have 
dimensions that are considerably higher than those 
of the mosaic blocks. Therefore, it is advisable to 
denote them by the term “fragment” or “macroblock”, 
while the “block formation” mechanism might be 
termed as the “fragmentation of grain”. 

It was pointed out previously that there are two 
hypotheses of the fragmentation mechanism. In con- 
nexion with the second hypothesis, we shall con- 
sider briefly the process of polygonization. 

The polygonization process involves a comminu- 
tion of the initial monocrystal into sub-grain after 
deformation in bending and heating to a temperature 
lower by 100 to 150°C than the melting point temp- 
erature [12, 13]. The value of deformation should 
not exceed a certain critical value, which if exceed- 
ed will lead to the ordinary recrystallization of the 
test specimen. The polygonization as detected by 
X-ray analysis, is characterized by the breakdown 
of the initial Laue spots with asterism into a series 
of separate spots arranged at the point of the old 
diffuse spots. It is important to emphasize that: 

(1). Polygonization occurs only during the bending 
of crystals. After tensile loading, it is possible to 
observe the occurrence of polygonization only in the 
case of a non-uniform deformation which leads to the 
setting up in the crystal of local bending stresses. 

(2).In order that polygonization could occur, it is 
necessary to employ a very high annealing temper- 
ature. 

(3). The formation of sub-grain boundaries must 
proceed perpendicularly to the visible slip bands. 
Finally, 

(4): polygonization is found to occur normally in 
those cases when the specimen was initially de- 
formed and then annealed, i.e. when the effects of 
temperature and stress are separated in time. 

In our opinion, the experimental data reported 
above lend support to the hypothesis of polygoniza- 
tion during slow deformation. The micrographs in 
Figs. 10, 11 and 12 show that the distribution of 
sub-boundaries is associated in a definite way with 
the positioning of slip lines. Usually, the long side 
of the fragment is perpendicular to the slip lines. In 
cases when the sub-boundary appears at the point 
where no slip lines were detected originally, it can 
be assumed for a number of good reasons that it is 
exactly at these points that considerable bending 
stresses must be acting. This occurs, most fre- 
quently in the grain or doublet boundaries. 

Wood’s ideas against the hypothesis of polygon- 
ization during a slow plastic deformation are based 
on the fact that the polygonization of aluminium 
after deformation at room temperature requires the 
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specimen to be heated to the temperature of 500°C, 
while the fragmentation in consequence of creep 
occurs already at the temperature of 250°C. How- 
ever, at the present time there has accumulated 
already a sufficient volume of experimental data, 
which shows that the establishment of equilibrium 
is reached much quicker by annealing under load 
than under the conditions of ordinary annealing 
treatment [10, 14, 15]. Such data contradict Wood’s 
ideas regarding the divergence between the poly- 
gonization and fragmentation temperatures. 

Although Wood’s hypothesis appears to be decep- 
tively simple, it does not explain a series of facts. 
In particular, it is difficult to explain why the de- 
formation of a monocrystal by a purely tensile 
stress is invariably accompanied by the formation 
of slip lines without any sub-grains, quite irres- 
pective of the temperature and rate of deformation. 
Neither is it clear why the size of the fragments 
increases with increasing temperature and decreas- 
ing deformation velocity. 

It might be thought that as both of the above 
hypotheses assume the occurrence of the high tem- 
perature deformation process directly during the 
period of plastic deformation, the difference between 
them is insignificant and concerns differences of 
opinion only with regard to the actual mechanism of 
fragment formation in a metal. But this point of view 
is not right since in the case of sub-grain formation 
as a result of a preliminary bending of the crystal 
(especially and most frequently because of slip 
along certain definite crystallographic planes and 
axes), the process will come to frequent stops 
because of defects present in crystal lattices, but 
if the subdivision into sub-grains has the nature of 


a primary process, such crystal lattice defects 
will have the effect of accelerating it. 


CONCLUSIONS 


1. The formation of slip planes, grain fragmenta- 
tion and a displacement of the grains with respect 
to one another were found to occur during the high 
temperature deformation of nickel and of the nickel- 
based solid solutions of titanium. 

2. The grain fragmentation during slow deforma- 
tion at high temperatures is not a primary break- 
down process of the initial grain. It is rather asso- 
ciated with a prior, non-uniform deformation of the 
grain, which leads to the setting-up of local bend- 
ing stresses in the crystals. The fragmentation as 
found in the present test series represents a speci- 
al case of polygonization, which sets in under a 
simultaneous action of temperature and deformation. 

In the temperature interval of 700-900°C, the pos- 
sibility of fragmentation is determined primarily by 
the speed of deformation. 

3. In the process of nickel alloying with titanium, 
the fragmentation of grains occurs at lower deforma- 
tion velocities than is the case with pure nickel. 

4. The failure of specimens tested at the temper- 
atures of 700 and 900°C has, in all cases, an inter- 
crystalline character. 


Translated by H. Cygielski 
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RELATIONSHIP BETWEEN THE STRUCTURAL AND DIFFUSION PROPERTIES OF STEEL * 


R.A. RYABOV and P.V. GEL’D 
R.A. Kirov Uralsk Polytechnical Institute 


Hydrogen diffuses in metals and alloys between 
the centres of the crystal lattice. Therefore, this 
process of diffusion belongs to the structure- 
sensitive type and its parameters depend on the 
type of the crystalline lattice of the metal, on the 
bond energy between its constituent elements, on 
the dimensions of the inter-centres, etc. In fact, 
extensive experimental data confirm that a change 
in the bond energy of the metal crystal lattice and 
especially the phase transformations occurring in 
the metal, are capable of modifying considerably 
the value ofits penetration (or permeability) cons- 
tant P, of the hydrogen diffusion coefficient, as 
well as of the activation energy values of these 
processes: E, and Ej, respectively. 

The existence of a correlation between the phase 
equilibrium diagram of an alloy and the permability 
values has been established on numerous occasions, 
It should be emphasized, in particular, in this con- 
nexion that in the process of the a> y transforma- 
tion in iron and steel, a jump-like variation is ob- 
served not only in the solubility of hydrogen [1] 
but also in its diffusion characteristics [2]. In par- 
ticular, it is found that a change from the volume- 
centred to the face-centred crystal lattice is asso- 
ciated with a rapid reduction in the permeability 
and diffusion coefficient of hydrogen while the 
activation energy of these processes rises quite 
considerably (it almost doubles). It should be noted 
that the existence of similar relationships was often 
observed not only with pure iron [2-4] but also with 
alloys and steels [3-8]. In particular, in works [5-7] 
it is shown on the basis of investigations carried 
out on laboratory samples of the alloys of iron with 
carbon, chromium and silicon, as well as on various 
industrially produced steels, including the carbon 
steel, construction steel, tool steels and electro- 
technical steels, that the average value of the 
activation energy of the process of hydrogen pene- 
tration rises, in consequence of the a> f transfor- 
mation, from 18,000 to 30,000-35,000 cal/mol H,. 


* Fiz. metal. metalloved., 7, No.5, 732-741, 1959. 
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It was also found that the regular jumps in the 
course of the permeability isobars correspond to the 
first degree of austenite decomposition. 

As the alloy structure begins to change, and, 
consequently, with a change in the region of the 
austenite stability, the temperature interval of ano- 
malous variation of P (A,,-A;,) begins to vary re- 
gularly. [t was established in particular with the 
phase composition diagrams of the binary alloys of 
iron with chromium and in the case of iron alloys 
with silicon [6,7] that depending on the rise in the 
concentration of the alloying elements concentra- 
tion, the anomalous variation of permeability appears 
at first during the period of increasing temperatures 
and then, after reaching certain limiting values of 
the concentration, it disappears (wedging out of the 
austenite stability region). 

Analogous observations were made during invest- 
igations of many other steel grades (40kh), 34KhM, 
35Kh3, 40KhNMA, 38KhMIuA, 40KhN, 33KhS, 
35KhGSA, ShKh-15, 38KhSA, 38KhGN, and others 
[5,6,8]. Also in this case it was possible to estab- 
lish a clear relation between the structure of the 
hydrogen permeability isobars and the first stage of 
austenite decomposition (by means of the usual 
metallographic and dilatometric test methods). 

In fact, the correspondence between the phase 
equilibrium diagrams and their diffusion character- 
istics, as outlined above, can be detected only 
provided that the conditions under which the per- 
meability of the alloy is investigated are such that 
they are suitable not only for determining the struc- 
ture of the test alloy but also that the equilibrium 
conditions can be simultaneously established. These 
requirements are not often complied with during tests 
on alloys and steels and because of this it is not 
always that a correlation can be found between the 
phase equilibrium diagram and the structure of the 
permeability isobars. There is clearly no doubt that 
such a correlation should, perhaps with more justi- 
fication, be sought between the temperature depend- 
ence of P and the thermodynamic and not the kinetic 
properties of alloys. Because of this, one should 
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FIG. 1. Hydrogen penetration isotherms for steel 37KhNZA as a 
function of isothermal holding period. 


expect that the permeability test data will give 
some interesting information not only confirming the 
fact that the phase transformations have in fact 
occurred, but also that an insight can be gained in 
this way into the kinetics of such transformations. 
In order to illustrate this point, let us consider the 
results obtained with steel 37KhNsA, which served 
as a basis for constructing the permeability iso- 
therms of hydrogen (after the steel was rapidly cool- 
ed from the temperature of 1000°C) in the region of 
the first stage of austenite decomposition (Fig. 1). 
As it is clear from the graphs, the most rapid rise 
in the rate ofhydrogen penetration is found at the 
temperature of 627°C, which no doubt corresponds 
to the stage of the most rapid decomposition of 
austenite. 

It is known however, that two maxima, which 
correspond to two stages of transformation, are 
present in the kinetic curves of austenite decompo- 
sition in certain steels. The first of these maxima 
corresponds to a temperature of the order of 700°C, 
while the second one — to a much lower tempera- 
ture (about 450°C). In the intermediate temperature 
interval, the transformation velocity is very low. 
Depending on the grade of steel and the type of its 
thermal treatment, there is found either one or the 
other or the two stages together of the austenite 
transformation. Finally, at a sufficiently rapid 
cooling rate, the breakdown of austenite may be 
inhibited altogether. 

It is clear therefore, from the above considera- 
tions, that the diffusion characteristics of steels 
can vary (in as far as the structure is concerned) a 


great deal. This conclusion is confirmed by exper- 
imental evidence. It was found that, for a particular 


steel, depending on the conditions of its heating 
(or cooling), the permeability isobars are of differ- 
ent types. Furthermore, the diffusion characteristics 
within wide temperature intervals, where the occur- 
rence of phase transformations could be expected, 
do not obey any single law. Usually, under these 
conditions, the isobars are split into individual 
logarithmic sections, which correspond to the dif- 
fusion properties of the system in a definite state 
of its structure. The transition from one section to 
another can be either smooth or jump-like, depend- 
ing on the temperature conditions, and it represents 
the speed and completeness of the phase transform- 
ations occurring in the system. 

In view of the fact that the effect of the first 
stage of the transformation on the diffusion proper- 
ties of steel has been already thoroughly investi- 
gated (see, eg. [2-5], we shall deal with it here 
only briefly. On the other hand, our study will con- 
cern mainly the effect of the types of the hydrogen 
permeability isobars as obtained under various con- 
ditions of the second stage of austenite decomposi- 
tion, this aspect having received practically no 
mention so far in the technical literature. 

In fact, the presence of a break in the curve of the 
hydrogen permeability curve as a function of temper- 
ature, in the low-temperature region (around 450°C), 
was reported, in the case of chrome-nickel steel, in 
the work of Benek and Klotzbach [9] only. Apart 
from the above report, a remark was made also in 
one of the other investigations [10] to the effect that 
during a slow cooling of some alloy steels it is 
possible to observe an anomalous increase in the 
speed of hydrogen diffusion (and, consequently, a 
rise in the diffusion coefficient) both in the region 
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FIG. 2. Diagram of diffusion block: 
1 — test specimen; 
2 — thermocouple; 
3 — conical inserts; 
4 — feed tubes; 


5 — coolers 


of the first stage of austenite decomposition (about 
700°C) and as a result of the low-temperature trans- 
formation (close to 450°C), whereas in the intermed- 
iate region, the velocity of hydrogen penetration 
varies according to the exponential law. 

In other words, at the temperature of 700°C (and 
at 450°C) there occurs an intensive transformation 
of austenite into a structure that is more permeable 
to hydrogen, i.e. into pearlite (and beinite), while 
in the intermediate region of temperatures the struc- 
ture remains stable and represents a mixture of aus- 
tenite + pearlite (y + a). This circumstance is of a 
considerable interest not only from the theoretical 
point of view but also because of a possibility of 
its practical use for lowering the degree of floccu- 
lation and, especially, because of its implications 
in a more detailed analysis of the merits of cyclic 
(oscillation-type) thermal treatment [11, 12]. 

It is for such reasons that a detailed study was 
made of the dependence of hydrogen penetration 
rate in steel on the conditions of the second stage 
of austenite transformation. A part of the experi- 
mental data obtained is given in the present report. 

The velocity of hydrogen penetration J was de- 
termined by measuring the amount of hydrogen WM, 
which penetrates in time 7, under stationary condi- 
tions, through a flat steel membrane, with a thick- 
ness e and cross-section area s (situated in the 
isothermal zone), using the expression: 


Hence we get the following expression for the 
permeability constant (penetration constant) P: 


Je Me 


Vp V 


where p, — hydrogen pressure at the inlet into the 
membrane. 

In the tests use was made of an experimental 
set-up consisting of a source of hydrogen (incor- 
porating a provision for maintaining the desired 
hydrogen pressure at the inlet into the test plate), 
a diffusion apparatus with the specimen, a vacuum 
system for de-gassing of the whole apparatus at the 
beginning of each measurement and an instrument 
for the measurement of the amount of hydrogen that 
diffused through the specimen in each test. A fea- 
ture which distinguishes the experimental apparatus 
described above from those used previously [5,13] 
lies in the use of a membrane-type test specimen 
and in a somewhat different form of the diffusion 
part of the apparatus (Fig. 2). The actual method of 
carrying out the test measurements remained un- 


changed [5,13]. 
EXPERIMENTAL DATA 


The results obtained in measurements on steel 
34KhN3M which, as it is known, shows a tendency 
to the occurrence of the second stage of austenite 
transformation, are given in Fig. 3. 

The sjraight line J is characteristic of the tem- 
perature dependence of steel permeability, as deter- 
mined in the process of its cooling from 680-690°C 
(below the 4,, point). The slope of the line shows 
that the permeability of the steel under these con- 
titions is characterized by the activation energy 
Eq = 17600 cal/mol H,. 

The specimen was then heated to the temperature 
of about 950°C and a measurement was made of the 
hydrogen penetration velocity during step-wise 
cooling in the stages of 40-50°C. It was established 
that right up to the temperature of about 470°, there 
is found an exponential temperature dependence with 
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FIG. 3. Temperature dependence of hydrogen permeability for steel 34KhNZM. 
The measurements were made during specimen cooling: 


1 — from 700°C; 


2 — from 900°C (with holding at 600°C); 


3,4 — from 900°C. 


the energy of activation equal to Ey, = 33000 cal / 
mol H,. In other words, under these conditions the 
specimen is in an austenitic state. Starting with the 
temperature of 470°C, a departure was observed 
from this law: in the temperature interval from 470- 
350°C, an increase was found in the diffusion velo- 
city (at diminishing temperatures), which corres- 
ponds to the development of the second stage of 
austenite transformation. It is interesting to note 
that a further reduction of temperature gave a linear 
dependence with E = 18000 cal/mol This indicates 
that the diffusion process proceeds essentially 
through the ferritic constituent of the alloy. 

The temperature interval of the anomalous be- 
haviour, which corresponds to austenite decomposi- 
tion, in fact, depends on the conditions of speci- 
men cooling. This is clear from Fig. 3, in which the 
curves 2, 3 and 4 refer to the results of investiga- 
tions carried out at increasing temperatures of 
specimen cooling. The curves show also that, as 
the rate of cooling is increased, the second phase 
of transformation is displaced in the region of 
lower temperatures. In conclusion, it should be 
noted that our attempts at producing the first stage 
of austenite transformation by a prolonged (6-8 hr) 


holding of the specimens at the temperature of 
660-600°C, were unsuccessful: no change in the 
position of the experimental data was found (as 
indicated in Fig. 3, by the letter a) with time. This 
conclusion agrees with the data obtained by means 
of the magnetometric method [14]: for steel 34KhN3M, 
the first stage of the austenite transformation is 
retarded. 

A different picture was observed in the case of 
steel 34Kh2M (Fig. 4). Here, just as it was found 
in the other case, when the specimen is cooled to 
a temperature ¢ < A.,, a logarithmic relationship is 
found between the permeability in function of in- 
verse temperature and the activation energy 
Eq = 17500 cal/mol. The cooling of steel, previous- 
ly heated to 950°C, gave a higher value of the acti- 
vation energy (Ey = 33000 cal/mol H,). A further 
period of holding the specimen for 6 hr at the tem- 
perature of 620°C produced the development of the 
first stage of austenite transformation which was 
accompanied by a considerable increase in the rate 
of hydrogen diffusion. But, it was impossible to 
reach a full decomposition of austenite: the pene- 
tration speed had values lower than those character- 
istic of curve J. A subsequent cooling from 620 to 
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FIG. 4. Effect of temperature on hydrogen penetration in steel 34KhN2M. 
Measurements carried out during specimen cooling: 


1 — from 700°C; 


2 — from 900°C (with holding at 615°C); 


3 — from 900°C; 


4 — from 900°C (at a high cooling rate). 


430°C (curve 2) gave areduction, the course of which 
almost followed the exponential law. 

At a temperature of about 440°C, the second 
stage of austenite transformation sets in and the 
curves | and 2 approach one another. The cooling 
of the specimen from the temperature of 950°C with- 
out isothermal periods of holding it at intermediate 
temperatures, reveals the setting-in of the second 
stage of transformation at a higher temperature 
(~ 470°C). In this case, just as previously, a more 
rapid cooling rate (curve 4) produces a displace- 
ment of the initial point of decomposition in the 
region of lower temperatures but, at the same time, 
it ensures a higher rate of transformation (and a 
higher degree of its completeness). The develop- 
ment of the first stage of transformation by a re- 
duction in the steel of its nickel content, agrees 
with the results obtained by metallographic examin- 
ation. 

Thus, by varying the steel composition and the 
method of its cooling, it is possible to detect both 
the first and second stages of the austenite trans- 
formation. Steel 9Kh2B is especially interesting in 
this respect, as it is clear from an examination of 
its test data as given in Fig. 5. During the period 
of specimen cooling from ¢ < A,,, a linear depend- 
ence was found with the activation energy of 


Eq = 19400 cal/mol. A slightly higher value of the 


activation energy is due to the presence in this 
steel of a considerable amount of chromium. The 
cooling of test specimens from 900°C revealed 
(curve 2) the development of the process of austen- 
ite decomposition both after the first and second 
stages of the transformation. 

The shape of the graphs (especially the jumps in 
permeability values at certain temperatures) shows 
that the degree of transformation was approximately 
the same in the temperature intervals of 700 to 
660° and 470 to 420°C. Because of austenite de- 
composition, we find that, firstly, the activation 
energy of the process has dropped from Ey = 3,2300 
cal/mol (for the austenite structure of the test spe- 
cimen) to Eg = 19400 cal/mol; secondly, the per- 
meability rose to a value corresponding to the pear- 
lite structure of steel. It should be noted that if the 
specimen is held for 4 hr at the temperature of 
660°C (after having been previously heated to 
900°C), there is, as it is clear from Fig. 5, a com- 
plete isothermal decomposition of austenite and a 
rise in the steel permeability to values correspond- 
ing to the initial structure of the test specimen 
(curve 1). If the specimen is rapidly cooled to the 
temperature of 500°C (without intermediate measure- 
ments), the beginning of the development of the sec- 
ond stage of the transformation shifts into the region 
of lower temperatures (curve 3). 
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FIG. 5. Temperature dependence of hydrogen penetration of steel 9Kh2V. 
Measurements carried out during the specimen cooling: 


1 — from 700°C; 
2 — from 900°C; 


3 — from 900°C (with rapid cooling to 500°C without any measurements). 


It is necessary to point out that the temperature 
dependence of the permeability after a partial de- 
composition of austenite in the first stage of its 
transformation (curve 2) corresponds to an energy 
of activation of E, , y = 25000 cal/mol i.e. to a 
value intermediate between those corresponding to 
the austenite and pearlite. This fact points again 
to a high degree of structural sensitivity of hydro- 
gen penetration and indicates the possibility of 
detecting the occurrence of transformations in 
steels from the data for the hydrogen diffusion 
velocity. 

A number of interesting observations was made 
during an investigation of steel 34KhM1. A speci- 
men of this steel was heated to a temperature of 
900°C (without any intermediate measurements) at 
t <A,,) and then permeability measurements were 
made during a step-wise reduction of its tempera- 
ture. 

It follows from Fig. 6 (curve 4) that, right up to 
the beginning of the first stage transformation, /n P 
varies linearly as a fanction of 1/7, the corres- 
ponding activation energy being Ey = 31600 cal/mol 
at a certain quite rapid cooling rate, some austen- 
ite decomposition was observed near the tempera- 
ture interval from 680-700°C. A further and more 
rapid decomposition of austenite was observed in 
the temperature interval from 480-400°C, in conse- 
quence of which there was a significant increase 
in the velocity of hydrogen diffusion, while the 


energy of activation approaches Eg = 18500cal/mol. 


In the temperature interval from 680-480°C, the 


hydrogen penetration of specimens containing a 
partially decomposed austenite is also well defined 
by the exponential law with the activation energy 
of Ey + qa = 2400 cal/mol. 

The linear variation of /n p with 1/T in this 
temperature interval can be taken as indicating a 
practically constant phase composition of the mem- 
brane material, i.e. the further transformation of 
austenite has been inhibited. 

The initial test data were re-established after the 
specimen was re-heated to 900°C and cooled to 
700°C. However, if the steel was cooled at a lower 
rate close to the temperature of 680°C, the quanti- 
ty of the austenite, present in the decomposed 
state, in the region of first stage decomposition has 
increased (curve 3). As a result, there was a shift 
of the intermediate (linear) section of the isobar in 
the upward direction (toward higher diffusion veloci- 
ties of hydrogen) and therefore (curve 3) the effect 
of austenite decomposition in the second transform- 
ation stage is shown less clearly than when the 
cooling rate is higher (curve 4). In particular, the 
permeability became only stabilized as the temper- 
ature was reduced, but there was no increase in it, 
whereas in the first case, an extensive decomposi- 
tion was observed of the residual austenite in the 
second stage of its transformation. A further lower- 
ing of temperature led to the merging of curves 3 
and 4, 

After cooling, the specimen was re-heated to the 
temperature of 900°C, cooled to 680°C and then held 
isothermally at this temperature for 2 hr. A rapid 
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FIG. 6. Effect of cooling conditions of stee] 34KhM1 on the penetration of hydrogen. 
Measurements carried out during cooling: 


1 — from 700°C; 


2 — from 900°C (with a 2 hr period of holding the specimen at 680°C); 
3 — from 900°C (with a short holding period at 680°C); 


4 — from 900°C. 


increase was noted in the diffusion velocity. At the 
end of the 2 hr isothermal treatment period, the per- 
meability values became stabilized and remained 
unchanged by a further heating for 1 hr. After this 
treatment, no anomaly was found in connexion with 
the development of the second stage of transforma- 
tion as proved by the results of measurements 
carried out during stepwise cooling of the specimen 
(curve 2). Under the above conditions, the linear 
dependence of /n P as a function of 1/T was char- 
acterized by the activation energy F = 18500 cal/ 
mol. In the region of low temperatures, curves 2, 3 
and 4 coincide with each other. 

In order to complete the tests, the specimen was 
heated to 700°C (< A,,) and then gradually (step- 
wise) cooled to 300°C. The results of these tests 
showed a good agreement with one another and cor- 
respond to a process with an activation energy of 
E = 18400 cal /mol. 

The difference in the degree of austenite decom- 
position in the first and second stages of its trans- 
formation is well illustrated also with the results 
of tests carried out on steel 20Kh2N4A (Fig. 7). In 
this case, during the cooling of stabilized speci- 
mens from a temperature ¢ < , an exponential 
relationship was found between the permeability 
and temperature. The activation energy of the pro- 
cess (E = 18450 cal/mol) was found to approach 


the value found for pure iron: E&®= 1800 cal/mol. 
However, if the steel specimen is heated to 
900°C and, after holding it at this temperature, it is 
cooled at a sufficient rate, then the pearlite trans- 
formation is inhibited and, right up to the tempera- 
ture of 460°C, its permeability with respect to hy- 
drogen varies exponentially (E = 30000 cal /mol). 
At the same time, it is found that, just as previous- 
ly, the value of Py is considerably lower than that 
of Pg. This difference at the temperature of 500°C, 
for instance, amounts to 1’ orders. Starting with the 
temperature of 460°C, the velocity of hydrogen dif- 
fusion shows a rapid increase, showing thereby an 
intensive development of the second stage of the 
decomposition of austenite. At temperatures below 
380-400°C, the development of austenite decompo- 
sition comes to an end and a further reduction in 
temperature leads to a linear variation of /n P 
with rising 1/T values. The activation energy as 
calculated on the basis of the above data (E = 20000 
cal/mol) has a value slightly higher that for pure 
pearlite. In other words, this means that either the 
decomposition of austenite is incomplete, or that 
the matrix is in a stressed state. Similar conclus- 
ions can be drawn also from the fact that the low- 
temperature branch of curve 2 lies somewhat lower 
than the corresponding section of isobar / in a 
stabilized steel (here we have that P, < P,). 
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1 — from 700°C; 
2 — from 900°C; 


After a period of 5 hr of holding the steel (pre- 
viously heated to 950°C) at the temperature of 
610°C did not lead to any decomposition of austen- 
ite. On the contrary, a 4 hr period of heating the 
specimen at 560°, led to a complete decomposition 
of austenite and, at the same time, the diffusion 
velocity reached values corresponding to those 
observed when the specimen was in its initial 
state. Thus, also in this case a limited relation- 
ship is detected between the diffusion and structur- 
al properties of steel. 

Some interesting data in this respect can also be 
obtained from investigations on steel 40KhNMA, the 
specimens of which in the initial state had the 
structure of the products of the second stage de- 
composition and of a ferrite*. 

It was found with stepwise heating of test spe- 
cimens of this steel to a temperature of 650°C that 
the permeability values increase more rapidly in 
the vicinity of A,, as the temperature is also in- 
creased, than it should be expected according to 
the exponential law (Fig. 8). 

The above fact points, no doubt, to annealing of 
the second stage products. The cooling from 650°C 
gave the usual exponential dependence with res- 
pect to the values of permeability, although such 


* Measurements on this steel were carried out by V.A. 
Goltsov. 


FIG. 7. Effect of the temperature and thermal history of test specimens on the hydrogen 
penetration of steel] 20Kh2N4A. Measurements during specimen cooling: 


3 — from 900°C with holding for 5 hr at 610°C and for 4 hr at the temperature of 560°C. 


values were higher than in the initial structure of 
the test specimen, which agrees with the more per- 
meable structure of pearlite. The heating to the 
temperature of 870°C and cooling to 300°C resulted, 
as usual, in an anomalous variation of permeability 
in the A.,-A,, interval. During a further cooling of 
the test specimens, the values of P varied accord- 
ing to the exponential law approaching that obtained 
during the first cooling from the temperature of 
650°C. 

Without any further study of similar phenomena, 
let us just mention that all structural changes in 
steels, as determined by other methods [14], find a 
corresponding expression in the velocity and acti- 
vation energy of the process of hydrogen penetra- 
tion of such steels. Therefore, the thermal treat- 
ment conditions as laid down for the purpose of en- 
suring that a certain structure is present in the 
finished product, have an essential effect on the 
hydrogen permeability properties and, consequently, 
on the hydrogen content in the finished steel. In 
other words, depending on the thermal treatment 
conditions and on the period during which a steel 
has been held at high temperatures in the various 
stages of its phase composition, its saturation with 
respect to hydrogen will also vary and more or less 
favourable conditions are thereby created for the 
development of a further flocculation in the steel. 
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FIG. 8. Isobars of hydrogen penetration of steel 40KhNMA : 
1 — during heating to 650°C; 
2 — during cooling from 650°C; 
3 — during cooling from 870°C. 


CONCLUSIONS 


1. In the temperature intervals within which there 
is found an intensive decomposition of austenite, 
the hydrogen penetration coefficient of steel shows 
a rapid increase with a simultaneous reduction in 
the activation energy of the process. 

2. In various steels, the degree of austenite de- 
composition in the first stage of its transformation 
and, depending on it, the degree of its decomposi- 
tion in the second stage of transformation, are dif- 
ferent and are determined by the chemical composi- 


tion of the steel and by its cooling rate. The above 
behaviour finds full confirmation in the curves of 
the temperature dependence of the hydrogen pene- 
tration coefficient of steel, which, on the one hand, 
makes it possible to use such effects in investiga- 
tions of the phase transformations in steels and, 

on the other (and this aspect is of a practical 
significance) to predetermine the effect of various 
methos of thermal treatment of steel on its hydro- 
gen saturation. 


Translated by H. Cygielski 
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REGARDING FRACTURE DUE TO DIFFUSION CREEP 
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A metallographic study of copper wires showing a “bamboo” structure after having undergone creep 
testing and having reached a stage preceding failure, has been carried out. A shift of grains along the 


intercrystalline boundaries and the formation of porosity along grain boundaries, has been observed. 
These phenomena, by iy et about a decrease of the true cross-sectional area of the specimen, lead 


to an increase in specific 


According to the ideas expressed in the diffusion 
theory of creep, a monocrystalline filament, the 
lattice of which is free from distortion, imperfect- 
ions and differences in the type of boundaries 
(micro-cracks, mosaic block boundaries), must 
elongate under conditions of isothermal testing at 
a rate which is equal to the effect of the specific 
load on the coefficient of ductility (€« = P). This 
rate must change with time as the specific load 
increases (in connexion with the decrease in the 
cross-sectional area of the filament), and fracture 
will set in when the value of the specific load P 


becomes equal to that of the ultimate tensile stress. 


In actual polycrystalline specimens in which 
there are a great number of dividing boundaries and, 
in particular, inter-granular boundaries, similar pro- 
cesses may occur which accelerate failure of the 
specimen. 

Thus, according to the suggestion of the author 
of paper [1], a relative displacement of grains can 
take place in polycrystalline specimens along the 
boundary between them — a mutual rotation of 
grains. Condensation of vacancies in different di- 
viding boundaries is also possible [2-4], as a result 
of which the true cross-sectional area of the speci- 
men decreases. 

The enumerated mechanisms of deformation in the 
creep of an actual test specimen (as compared with 
an ideal monocrystalline filament) can be clearly 
observed in the long creep stage preceding failure 
of the specimen. 

In the present paper, a few observations are re- 
ported which were made in the metallographic study 
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oad and, hence, to the failure of the specimen. 


of copper specimens which had either fractured in 
creep tests, or were at the stage preceding fracture. 


PREPARATION OF SPECIMENS 


In order to investigate the phenomena occurring in 
the vicinity of the grain boundaries, copper wire 
specimens were investigated which, along a consi- 
derable length, consisted of one grain (“bamboo” 
structure). In specimens having such a structure 
there cannot be mutual blocking of neighbouring 
grains during such deformation, this being the 
reason why the phenomena occwrring at the grain 
boundary can be observed in their pure form. In the 
above sense, specimens having a “bamboo” struc- 
ture occupy an intermediate position between poly- 
crystalline specimens in which mutual blocking of 
grains occurs during deformation and monocrystal- 
line specimens which have no grain boundaries. 

In order to produce specimens with a “bamboo” 
structure, a copper wire (99.95 per cent) of 0.5 mm 
diameter was subjected to a few alternate deforma- 
tion and annealing operations, in which the wire 


was elongated by 2-3 per cent and annealed at 1000°. 


The required structure was attained after 4-5 cycles 
of the above treatment. 

Creep tests were carried out in a quartz appara- 
tus [5] at 1000° and a specific load applied to the 
specimen of P = 10 kg/cm?. 

The tests were carried out at a constant vacuum 
of approx. 10mm Hg. Two identical specimens were 
tested simultaneously under identical conditions. 
When one of the specimens had fractured, testing of 
the second, which was in a state preceding failure, 
was disontinued. With the aid of a metallograph, the 
external appearance of the specimens and their 
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Fracture due to diffusion creep 


FIG. 1. External appearance of individual portions of the 
specimen after having undergone creep testing at 1000°C 
for 10 hr at a load of P = 10 kg/cm’: 

a— X15; b, c — X30. 


microstructure was studied. In order to prepare 
microsections the wires were pressed in methyl- 


metacrylate powder. 
Unetched sections and those etched with ammon- 


ium persulphate and ammonia were inspected. 


RESULTS AND DISCUSSION OF 
INVESTIGATIONS 


In the inspection of wires that had undergone 
creep tests, the following characteristics were 
found: 

(a) Originally smooth wire of cylindrical form had 
acquired a step-shaped form after testing as the 
result of slip of neighbouring grains relative to each 
other along their mutual boundaries. 


(6) Porosity had arisen along the grain boundaries. 


Let us consider these observations. Slip of neigh- 


bouring grains relative to each other can be distinct- 


ly seen in Fig. 1, in which the external appearance 
of individual portions of the specimen is shown, 
and in Fig. 2 in which cross-sections of specimens 
are reproduced; the sections were prepared in a 
plane parallel to the specimen axis. 

The phenomenon of slip of grains relative to each 
other in the specimen described, having a “bamboo” 
structure, had been predicted in the theoretical work 
of Herring [1] and is convincingly shown in photo- 
graphs published in paper [6], in which the diffusion 
creep of gold wires was studied. On the basis of 


FIG. 2. Microsections of cross-sections of various 
portions (a, b, c) of the specimens shown in 
Fig. 1; X30. 


the conclusions drawn by Herring, the magnitude of 
the minimum angle between the intergranular bound- 
ary plane and the normal to the specimen axis at 
which a given specific load P can lead to mutual 
grain slip and, as a result of it, to supplementary 
elongation of the specimen, can be estimated. 

The slip along the grain boundary will be ener- 
getically advantageous if the decrease in free ener- 
gy of the system specimen-load due to lowering of 
the load F will exceed the increase in free energy, 
as part of the intergranular boundary area, which is 
characterized by the interfacial surface tension 
oj, will become the surface adjoining a vacuum 
and is characterized by the surface tension o. 

The decrease in free energy on lowering the load 


by AX 


Ax. 


The increase in free energy in connexion with the 
emergence of a supplementary boundary between the 
metal and the vacuum, assuming that the area of 
this surface is equal to the sum of the areas of two 
quarter-moon shape or Russian sickles, obtained in 
the displacement relative to each other of two cir- 
cular areas*, can be assumed to be 


* Strictly speaking, the mutual displacement of 2 ellip- 
ses, and not circular areas, should be considered, but 
(continued on the next page) 
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AD, = (= R*—S) Sig — 
(2) 


It can be easily shown that the area of one sickle 


9 
2R Ax 
sin@ 


By introducing the value of specific load 


it is possible to obtain, from the condition 


A PD, A 
the expression 


2 (23 — six) 
> 
or for the minimum angle at which slip can be 
observed 


= arc sin (4) 

A quantitative estimate of the value of 0, ;,, with 
the help of formula (4) at P = 5-10 kg/cm?,R=107cm, 
and assuming that 0;, < 2o leads to the value of 
Onin 

In the photographs shown in this paper (see 
Figs. 2 and 3) and in photographs contained in the 
paper [6], intergranular boundaries can be seen, 
along which slip has occurred and which form with 
the normal to the specimen axis an angle of a few 
degrees, i.e. an angle close to 0. ;,. 

It is known that a freely suspended short filament 
contracts at a high temperature under the influence 
of surface tension forces (i.e. under the influence 
of the pressure P ~ o/R) and creep in the reverse 
direction is observed *. It follows from formula (3) 
that at such creep and at an elongation under the 
influence of the load P ~ 20/R no slip along bound- 
aries, even if orientated most favourably (9 ~ 90°), 


(continued from previous page) 
at low angles of @ it can be assumed that the cross- 
sections of a cylinder are close to those of circular 


areas. 
In the above sense that filament is “short” for which 
the compressional pressure due to capillary forces 
orientated along the axis of approximately o/R is 
greater than the pressure due to gravity forces 


can take place. 

The creep elongation of the specimen due to slip 
along the grain boundaries, which can be observed 
and which has a “bamboo” structure or one close 
to it, must consist of two components: self-diffusion 


creep of grains 
(7) 


and elongation in connexion with ductile flow along 
the grain boundaries 
AL 
— 


Both these components change in relation to temper- 
ature according to an exponential law. As the activ- 
ation energy of ductile flow along the grain bound- 
aries and the activation energy of self diffusion of 
elongation due to creep coincide with the activa- 
tion energy of self-diffusion [8], the temperature 
dependence of the experimentally observed elonga- 
tion of the specimen having a “bamboo” structure 
can be used for the determination of the activation 
energy of the diffusion creep process. 

Let us consider the formation of porosity in the 
grain boundaries. In certain places of the micro- 
section field, separate fine pores or chains of pores 
can be observed. Porosity is most distinct in the 
boundaries between grains. In separate boundaries 
it can be seen that as the result of slip of a great 
number of pores, the boundary weakens and becomes 
the starting point of fracture (see Fig. 3). 

The porosity observed may be the result of con- 
densation of “equilibrium” vacancies, as well as 
those forming as the result of the ‘healing” of 
possible micro-cracks. A preferential distribution of 
pores in the intergranular boundaries is quite natur- 
al, as pores due to diffusion as a rule [4] originate 
in the vicinity of the boundaries and in particular 
near intergranular ones. 

The last statement, in our opinion, can be con- 
vincingly proved by the following experiment. A 
specimen of the one-phase alloy copper-nickel 


nR*hoq 
nx R* 


=f oq), i.e. for which the inequality 


exists. Fromthis inequality it follows that 


Roq 


For a copper filament at R = 2.5 x 10°, / is approx. 
10 cm. 


} |_ 
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FIG. 3. Microsections of cross-sections of various 


portions (a-d) of the specimen shown in Fig. la; x57. 


1. 
2. 
3. 
4. 


5. 


FIG. 4. Microstructure of an alloy after annealing at 
1000°C for 4 hr; x 69. 


(50-50 per cent) was forged at a temperature below 
the lower limit of the temperature range normally 
used for forging (550-600°); as a result, microscopic 
cracks formed in the specimen. After annealing 
(1000°C, r = 4 hr) pores could be distinctly seen 
along the grain boundaries (Fig. 4). These pores 
had formed as the result of coagulation of surplus 
vacancies which had formed in the specimen as the 
result of “healing” of microcracks due to forging. 

For the condensation of vacancies to take place, 
the presence of oxide particles in the boundaries 
between grains is also essential. The oxide 
particles, as has been shown in paper [9], can be 
centres for vacancy condensation. In the copper 
specimens investigated by us, the oxides can play 
a considerable role. 

The condensation of vacancies in a loaded speci- 
men, as the result of which macroscopic pores can 
be formed, has been considered theoretically in 
papers [2 and 3], in which attention was drawn to 
the fact that this phenomenon leads to a decrease 
in the life of the specimen. In paper [7] it has been 
shown by extensive testing that zones directly ad- 
jacent to the fracture area of the specimen have a 
lower microhardness. The authors think that is due 
to the enrichment of the indicated zone with vacan- 
cies. 

The emergence of porosity in the grain boundaries, 
as well as the displacement of grains relative to 
each other, naturally lead to an increase in the 
specific load, and this in turn accelerates fractur- 
ing of the specimen. 

Gratitude is expressed to N.N. Ovcharenko for 
the help given in carrying out the metallographic 
part of the work. 


Translated by G. Isserlis 
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ON THE ROLE OF SECOND-ORDER DISTORTIONS IN THE STRENGTHENING OF METALS* 
G.V. KURDIUMOV, M.D. PERKAS and L.G. KHANDROS 
The Institute of Metallography and the Physics of Metals of the Central Ferrous Metallurgy Scientific 


Research Institute 
The Institute of the Physics of Metals of the Academy of Sciences of the Ukr. S.S.R. 
(Received 22 January 1959) 


The investigations carried out in recent years on 
the crystalline structure of metals and solid solu- 
tions in a hardened state [1-4] lead to the conclus- 
ion that resistance to deformation is determined in 
the first place by the properties of the crystals of 
the given substance in the micro- and submicro- 
regions and in the second place, by the nature of 
the internal microscopic and submicroscopic grain 
structure. 

The properties of the crystals in the micro-spaces 
are in their turn determined on the one hand by the 
forces and nature of the interatomic bond and the 
type of atom packing, and on the other hand by the 
nature of the imperfections in the structure of the 
crystal lattice. Impurities and alloying elements 
play a large role in the formation and nature of im- 
perfections in the crystalline structure. A relative 
characteristic of properties in micro-areas can 
serve as a measure of second-order distortions 
which arise as the result of cold plastic deformation 
or matensitic transformation [1-3]. 

The peculiarities of the internal grain structure 
of metals in a hardened state include in the first 
place the breaking up of grains into microregions or 
fragments (glide laminae), martensite crystals, etc) 
with a considerable difference in the crystallogra- 
phic orientation of the separate fragments; the 
dimensions of these regions are 10° — 10~ cm. In 
their turn the fragments are divided into blocks 
10-5 — 10° cm. The peculiarities of the internal 
grain structure must also include the “second order 
distortions” or “microstrains” mentioned above 
which is the inhomogeneous elastic deformation of 
the grain microvolumes (for example deflexion of 
the martensite crystals and glide laminae etc.). 

All these disturbances in the crystalline structure 
of the grains together with the disturbances in the 
regular periodicity of the lattice structure within 


* Fiz. metal. metalloved., 7, No. 5, 747-751, 1959. 


the block (third order distortions) have been called 
the fine crystalline structure of metals in the hard- 
ened state. 

One of the questions which is interesting from 
the point of view of explaining the nature of hard- 
ening in metals is the question on the role of single 
elements of the fine crystalline structure in harden- 
ing and on the necessity for the presence of one or 
other of the fine structure elements to increase the 
resistance to deformation. 

The investigations result in the conclusion that 
the breaking up of grains into considerably disorien- 
tation fragments and the formation of a submicros- 
copic block structure is a necessary condition of 
hardening. 

In fact, the comparison of the fine structure of 
iron and its alloys hardened by two methods — by 
plastic deformation and as a result of martensitic 
transformation — showed that third order distortions 
(disordered static displacement of atoms) which 
cause a measurable decrease in the intensity of 
X-ray interferences, can be absent in a hardened 
material [3,5]. In the case of pure iron [6, 7] this 
was more convincingly established. 

In addition the data of [4, 8] and the numerous 
measurements carried out in our laboratories on the 
variations of the second order distortions when 
tempering hardened alloys on an iron and nickel 
base showed that the value of Aa/a decreases 
before the drop in the strength characteristics 
begins. This enabled the conclusion to be drawn 
that the high elastic deformation of the microregions 
is not in itself necessary for hardening [3-4]. It 
must be noted, however, that in those cases when 
second order disortions are small and have an effect 
on the line broadening comparable with the effect, 
caused by small grain size, doubts arise as to the 
reliability of the conclusions as a result of the low 
accuracy in determining the grain size and the 
distortions. 

It would be more important for a more reliable 
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FIG. 1. The graph of the value of the second order 

distortions \a/a, the grain size D, the Vickers 

hardness Hy and the yield strength os against the 

tempering temperature of the Fe alloy with 25% Ni 
hardened by quenching. 


solution of this question to have distortions which 
cause the large effect of line broadening and are 
already decreasing at low tempering temperatures. 
This takes place in ferro-nickel alloys with a high 
nickel content. Here the second order distortions 
as a result of the martensitic transformation or 
after cold plastic deformation reach a high value 
(Aa/a = 2.5-3.0 x 10°). Binary ferro-alloys with 

10, 25 and 28 % Ni were studied in the present 
work. The specimens were quenched from 100-1050° 
and then tempered in the temperature range 100-550° 
for 1 hr. 

The Fe alloy with 25 % Ni was subjected to the 
most detailed investigation. After hardening by 
quenching considerable second order distortions 
arise in this alloy (A\a/a = 2.8 x 10“), which are 
close in size to those which are obtained in quench- 
ed steel containing 0.1 % C [9]. The mosaic grains 
are reduced to a size of 3 x 10% cm, and the yield 
strength (0, ) and the hardness (Hy) are equal to 
80 kg/mm? and 265 Vickers units respectively. The 
subsequent tempering at 300° causes a decrease in 
the size of the second order distortions (from 2.8 x 
107° to 1.9 x 10°), and all the other properties 
(D, Hy, o,) remain almost unaltered (Fig. 1). Heat- 
ing the specimens at higher temperatures results in 
a further reduction of the second order distortions 
and after tempering at 450° Aa/a is equal to 0.3 x 
10°*. After this tempering the hardness and the 
yield strength remain practically the same but the 
grain size has a tendency to increase. On heating 
the specimens above 460° the reverse a> y trans- 
formation takes place and for this reason after 
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FIG. 2. The graph of Aa/a, D, Hy against the 
tempering temperature of the Fe alloy with 
10 % Ni hardened by quenching. 


cooling them to room temperature there exists 
together with the a-phase the y-phase which has 
increased stability in relation to the transformation 
to martensite with subsequent cooling. In this con- 
nexion it was not expedient to study the specimens 
of this alloy tempered at temperatures above 460°. 

An attempt was made to achieve some softening 
of the quenched Fe alloy with 25 % Ni by the pro- 
longed exposure of the specimens at a temperature 
somewhat lower than the beginning of the a+ y 
transformation. For this the specimen was tempered 
at 440° for 70 hr. The results of the experiments 
showed, however, that the hardness and the diffrac- 
tion line width were nearer to those which were 
obtained after an hour’s tempering at 450°. 

In the Fe alloy with 10 % Ni the reverse a> y 
transformation begins about 600°. For this reason 
the quenched specimens can be tempered at least 
to 550-580° without the danger of the formation of 
the y-phase with heating. 

Data on the variation in the properties of the 
fine structure and the hardness of this alloy are 
given in Fig. 2. There is little variation in the mag- 
nitude of the second order distortions of the alloy 
with 10 % Ni after tempering the specimens at 300°; 
a considerable decrease in the second order distor- 
tions takes place in the temperature range above 
300°. On tempering above 450° an increase in the 
grain dimensions is observed together with a small 
lowering of the hardness. 

From the Fe alloy with 28 % Ni the nature of the 
variation in the hardness and the fine structure with 
tempering was the same as in the case of the alloy 
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TABLE 1. Values for the hardness, second order distortions and grain dimensions after 
the cold plastic deformation of the specimens 


Specimen 


No. Treatment 


Quenching 
Quenching + tempering 400°C 


deformation 50 % 


Quenching + tempering 400°C + cold 


Quenching + tempering 450°C 
Quenching + tempering 450°C + cold 
deformation 60 % 


Quenching 

Quenching + tempering 430°C 

Quenching + tempering 430°C + cold 
deformation 40 % 

Quenching + tempering 430°C + cold 


deformation 40 % + tempering 430°C .. 


with 25 % Ni. 

The hardened state of the specimen of the alloy 
(obtained by quenching) was characterized by the 
following values: Aa/a = 2.8 x 10°, D = 28 x10°%em 
and Hy= 260 (see Fig. 1). After tempering the spe- 
cimen at 400° for an hour there was practically no 
change in the hardness and the grain dimensions 
but the value of the second order distortions was 
reduced to 0.7 x 10° (Fig. 1). The specimen was 
then subjected to cold plastic deformation with a 
total reduction of 50 %. After reduction the second 
order distortions again grew from 0.7 x 10° to 
2.0 x 10°; the grain dimensions and hardness were 
equal to 2.9 x 10% cm and 270 Hy, respectively, 
i.e. they remained at the same level (see Table 1). 

Another specimen of the same alloy was temper- 
ed at 450° after quenching. After tempering Aa/a = 
0.3 x 10°*, D = 3.5 x 10° cm and Hy = 265. As a 
result of the subsequent cold plastic deformation 
with a total reduction of 60 per cent the second 
order distortions increased to 2.9 x 10~ but the 
grain dimensions and the hardness again varied 
comparatively little (D = 2.8 x 10% cm, Hy = 285). 

From the experimental data obtained it follows 
that an increase or decrease of several times in the 
second order distortions need not be accompanied 
by a substantial change in the resistance of the 
alloy to plastic deformation. The yield strength and 
hardness do not vary even in the case when micro- 
stresses as a result of tempering disappear almost 
completely. Consequently despite the fact that the 
hardening of metals is always accompanied by the 


formation of second order distortions, i.e. of in- 
homogeneous elastic deformation of the micro- 
regions by itself their presence is not necessary 
for the state with high resistance to deformation. 

Thus the data available on the connexion of 
hardening with the fine crystalline structure of 
grains in metals and solid solutions make it pos- 
sible to conclude that the most important crystal- 
structure factors in the hardening of metals and 
single-phase alloys are the breaking down of the 
grains into fragments 10° — 10“ cm in size with a 
considerable distortion of the lattice between the 
fragments and the formation inside the fragments of 
a submicroscopic grain structure. 


Translated by J. Murray 
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THE EFFECT OF CRYSTAL PROPERTIES ON THE STRENGTH OF METALS IN THE 
HARDENED STATE * 


V.M. KARDONSKII, G.V. KURDIUMOV and M.D. PERKAS 


Institute of Metallography and the Physics of Metals of the Central Ferrous Metallurgy 
Scientific Research Institute 


An examination of the data on the fine crystalline 
structure of quenched steel [1] led to the conclus- 
ion that the hardness of quenched steel is determin- 
ed on the one hand by the microscopic and sub- 
microscopic non-uniformities in the structure which 
are the result of the mechanism of martensitic trans- 
formation (the formation inside the austenite grain 
of a large number of small martensite crystals which 
have a submicroscopic grain structure) and on the 
other hand by the properties of the martensite crys- 
tals themselves. The quantitative factor of these 
properties is the value of the elastic deformation of 
the martensitic crystals (second order distortions) 
which is determined from the broadening of the 
X-ray diffraction lines. This value depends on the 
carbon content in the martensite and grows as it 
increases. 

An increase in the hardness of quenched steel 
with an increase in the carbon content is mainly 
due to the variation in the properties of the marten- 
site crystals because of an increase in the extent 
of the elastic deformation of the martensite cryst- 
als and not because of the variations in the micro- 
and submicrostructure of the grains. Even small 
carbon contents (0.1 % C and less) have a great 
effect on the magnitude of the elastic deformation 
of the martensite crystals and the hardness of 
quenched steel. Fig. 1, drawn from the data in 
work [20] shows that a nearly linear relationship 
exists between these factors. 

The connexion between the strength properties 
(hardness, yield strength, temporary resistance) and 
the magnitude of the second order distortions was 
also established from the study of solid solutions 
of different elements in iron which had been harden- 
ed either by cold plastic deformation or by quench- 
ing (martensitic transformation). The strength pro- 
perties were higher in those alloys in which the 
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magnitude of the elastic deformation of the micro- 
volumes (Aa/a) was higher (Fig. 2) [3]. However, 
this cannot serve as proof that second order dis- 
tortions in particular influence hardening i.e. are 
the cause of increasing the yield strength and the 
hardness as a result of cold plastic deformation or 
as a result of martensitic transformation. Indeed at 
the present time we have sufficient convincing data 
that by itself the presence in the material of second 
order distortions is not essential for increasing the 
resistance to plastic deformation; during tempering 
these distortions can almost completely disappear, 
but if the micro- and submicrostructure character- 
istic of the hardened state is preserved then the 
resistance to deformation (hardness, yield strength) 
remains unchanged [4]. 


Higher values for the hardness and the yield 
strength in the hardened state of those alloys in 
which the value of the second order distortions is 
higher are conditioned not by the presence of these 
high distortions but by the fact that the crystals of 
these alloys even in an annealed state have a much 
higher resistance to the course of the elementary 
events of plastic deformation (to dislocation move- 
ment). The magnitude of the second order distortions 
in the hardened alloy is itself determined by this 
resistance and is only its indicator. It can be 
regarded as a measure of the extent of the plastic 
deformation of crystals of a given substance in the 
microvolumes. 

This concept is supported by the existence of a 
direct relationship not only between the quantity 
and hardness of the metal in the hardened state but 
also between Aa/a and the hardness of the alloys 
in the annealed state. Fig. 3 shows the graphs drawn 
from the data in the onthe Tl, The hardness of the 
alloy in the annealed state is plotted along the 
X-axis and the value of the second order distortions 
Aa/a is plotted along the Y-axis which was obtain- 
ed for those alloys after 80 per cent cold deforma- 


104 
VOL 
7 
195 


Strength of metals in the hardened state 


| 


0012 Ml 


| 


| 


0.032% 


103 


FIG. 1. The connexion between the second order distortions and 
the martensite hardness of quenched low-carbon steels. 
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FIG. 2. The connexion between the second order distortions and the hardness of alloyed iron 
after 80 per cent cold plastic deformation. 


tion. It is seen that the higher the hardness of the These properties also influence the value of the 
alloy in the annealed state the greater the value of elastic deformation of the microvolumes Aa/a in the 


the elastic deformation Aa/a which arises as a hardened state. 
result of the cold deformation. To test further the stated concepts it would be 


Thus the absolute values for the hardness of the expedient to investigate the alloys in which the 
alloys in the hardened state are determined not only properties of the crystals of the solid solution are 
by the appearance of the fine crystalline grain struc- Strongly dependent on the concentration of the dis- 
ture but also by the properties of the crystals them- solved element. In this case the properties of the 
selves in the initial annealed state of the metal. crystals can change because of the variation in the 
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FIG. 3. The relation between the value of the second order distortions 
arising as a result of 80 per cent cold plastic deformation and the 
hardness of the original annealed alloyed iron. 


content of one or other of the dissolved elements 
and avoid the influence of secondary factors. The 
effect of dissolved elements on the strength proper- 
ties of metals in the annealed state and on their 
variation with deformation has been studied in a 
series of investigations [5-7]. The most suitable of 
the iron alloys for our purpose are ferro-silicon 
alloys with a silicon content within the limits of its 
solubility in a-iron. 

The chemical composition of the original iron and 
its alloys with silicon is given in Table 1. The 
methods of investigation were the same as in the 
work [3]. 

Table 2 contains the results of measuring the 
hardness, yield strength and temporary resistance 
of annealed alloys. As is seen from Table 2 the 
yield strength of the alloys studied varies from 21 
to 66 kg/mm? and the hardness from 90 to 280 
Vickers units. 

Fig. 4 contains the curves expressing the relation 
between the hardness and the degree of plastic 
deformation. The maximum hardness is attained with 
degrees of deformation of 50-70 per cent. The 
curves for different Si contents are almost parallel 
i.e. the increase in hardness due to deformation is 
almost the same for all the alloys. 

The connexion between the strength properties 


and the fine structure of the hardened state was 
studied on specimens of alloys subjected to de- 
formation with the same load (85 tons). The degree 
of deformation in this study was different: it varied 
from 68 per cent for iron without silicon to 48 per 
cent for the alloy with 9.4 % Si. According to the 
data given in Fig. 4 the hardening of all the alloys 
must in this case be near to “saturation”. The 
results of investigating the specimens are given in 
Fig. 5. As follows from Fig. 4 with the variation in 
the silicon content the hardness of the annealed 
and cold-deformed alloys varied in parallel: as a 
result of deformation the hardness increased approx- 
imately to the same value — 80 Vickers units. The 
magnitude of the second order distortions Aa/a 
with an increase in the silicon content also in- 
creases from 13 x 10° for iron without silicon to 
2.2 x 10° for an alloy containing 9.4 atm % Si. The 
dimension of the grains (D) within the limits of the 
accuracy of the measurements does not depend on 
the silicon content and lies according to the data 
of our measurements in the range 350-500 A 

The data obtained show that the increase in the 
hardness as a result of hardening by cold deforma- 
tion is not connected with the magnitude of the 
second order distortions which arise in the deform- 
ation process since they hardly depend on the 
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TABLE 1. The chemical composition of the original iron and its alloys with silicon 


Element content weight % 
Si content 


atm % 
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TABLE 2. The results of measuring the hardness, yield strength and temporary 
resistance of annealed alloys 


Hy 95. kg/mm? | %, kg/mm? 
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FIG. 4. The relation of the hardness of alloys with a FIG. 5. The effect of the Si content on the magnitude of 
different content and the degree of cold plastic the second order distortions, the grain dimension and 
deformation. the hardness of cold-deformed alloys and also the 
hardness of annealed alloys. 
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silicon concentration while \a/a is almost doubled. 


On the other hand the value Aa/a increases in pro- 
portion to the hardness of the annealed material. 
Thus the results obtained agree with the concept 
that second order distortions by themselves are not 
responsible for the hardening from cold deformation 
and from martensitic transformation but reflect the 
properties of the crystals of the given material 


representing the “extent” of the elastic deformation 
of the microvolumes. These properties determine the 
level of strength which can be reached as a result 
of the variation in the internal microscopic and 
submicroscopic grain structure in the hardening 
process. 


Translated by J. Murray 
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X-ray investigations show that there are consi- 
derable differences in the diffraction pictures of 
materials in the hardened and softened states [1-6]. 
On the X-ray photographs of deformed specimens the 
lines are usually broadened which indicates the 
presence of second order distortions and a disper- 
sion of small crystals (regions of coherent scatter- 
ing of X-rays). The attenuation of the diffraction 
which appears particularly sharply on the lines with 
large indices (hkl) indicates the presence of third 
order distortions. Apart from this it is shown in a 
series of works that with an increase in the degree 
of deformation the disorientation of the mosaic- 
blocks within the grains increases [7-10]. 

However, the data available at the present time 
on the study of the properties and structural details 
of deformed metals and alloys does not enable a 
sufficiently full physical picture of the hardening 
process to be made. For a deeper understanding of 
the nature of this process further study of the role 
of the structural factors in the hardening process is 
necessary. 

The present work is devoted to a study of the 
variations ir the second and third order distortions 
of the crystal lattice, of the dimension of the coher- 
ent regions and of the texture and strength proper- 
ties of niobium when hardened to a varying degree 
by cold work. 


MATERIAL AND EXPERIMENTAL METHOD 


Pure niobium (99.997 %) was used for the invest- 
igation. Hardening was carried out at room temper- 
ature by plastic deformation in three ways: 

1. Static uniaxial compression on a 300-ton press. 

2. Uniaxial compression in conditions of vibra- 
tion loading with a hammer vibration frequency of 
37 1/sec and an amplitude to 1 mm. 

3. Drawing in dies with different openings. 


* Fiz. metal. metalloved., 7, No. 5, 757-765, 1959. 


4. Extension in the direction of the axis of sheet 
specimens. 

For deformation by the first two methods niobium 
slabs 16 x 16 mm in size were rolled on a rolling 
mill into bars 10 mm in dia. from which cylindrical 
specimens 7 mm in dia. and 12 mm in height were 
prepared. 

A series of specimens was annealed in a vacuum 
(about 10-5 mm Hg) at a temperature of 1200° for 
an hour. After annealing the (Vickers) hardness of 
the specimens was 119 kg/mm’. 

The degree of deformation of the specimens sub- 
jected to uniaxial compression was determined from 
the difference in the height of the cylinders before 
and after deformation. The “true” compression 
stress was evaluated from the formula [11]: 


P 
(1) 


where P is the load; F is the area of the cross- 
section of the specimen after loading. 

The hardness of the deformed specimens was 
measured on a hardness tester of the “Vickers” 
type with a load of 15 kg. 

The second order distortions of the crystal lattice 
and the dimension of the regions of coherent scatter- 
ing were determined by X-ray examination of the 
broadening of the diffraction lines (110) and (330) 
obtained with copper Kg-radiation. The X-ray photo- 
graphy was carried out in a Debye camera, the drum 
of which had a dia. of 143 mm. 

Because of the geometry of the exposure diffrac- 
tion lines of niobium annealed in a vacuum at 1200° 
for an hour were used to calculate the broadening of 
the lines. This niobium was used as a standard. 

The true line width was calculated from the 
formu la [12, 13] 


where B, is the width of the line under investigation 
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corrected for the Kg-doublet; bo is the line width 
of the standard. 

The choice of this formula was influenced by the 
fact that the intensity distributions which we found 
in the lines of the standard and the deformed spe- 
cimens were satisfactorily described by the func- 
tion 

The division of the line width into parts influ- 
enced by the distortions of the lattice n and the 
block dispersion m and also the calculation of the 
distortions Aa/a and the block size D were derived 
from the formulae: 


ge =n? + m3, 


a (3) 
A 
mcos% 


The third order distortions of the crystal lattice 
of the specimens deformed by uniaxial compression 
were determined from the integral line intensities 
(110) and (220). Niobium annealed at 1200° for an 
hour was taken as the standard specimen. The cal- 
culation of the r.m.s. atom displacements 


Vee 


was made from the formula [3, 4]. 


=A uw? (4) 


ae 


where 
2x&Xx2 
3x4xa2 


(5) 


The angular extent (in degrees) of the textural 
arc of the diffraction line (220) was taken as the 
degree of texture y220- 

The size of the large blocks (D > 10-5 cm) andthe 
third order distortions of the crystal lattice of 
niobium subjected to low (€ < 5 %) plastic deforma- 
tion were determined in two ways from the integral 
intensity using the extinction effect. 

Method 1. An asymmetrical exposure was made 
with the simultaneous recording of two diffraction 
lines [14, 15, 21]. In this case the equations have 
the form: 


Structure of niobium 


1 — exp [— T] 

—log —— 
Pp (sin?9; sin?},)loge 
Here 

+ 


where u is the coefficient of linear absorption 
Ue is the absorption factor influenced by the 
primary extinction 


1 + cos? 28 
1 + |cos 


= = 


16 mc? 


The exposure was carried out in a specially cons- 
tructed chamber in which the angle between the 
surface of the rotating specimen and the primary 
X-ray beam remained constant. 

The polished section in each exposure was set 
in relation to the primary beam at an angle a deter- 
mined from the formula 


(9, 


The lines (220), (321) and (330) were used in the 
investigation. 

The values of the Bragg angles and the absorp- 
tion factors of the lines chosen are given in 
Table 1. 

Method 2. The block size was evaluated also from 
the effect of the primary extinction on the absolute 
(110) line intensity. The investigation was carried 
out on the X-ray equipment URS-501 with automatic 
intensity recording. 

The calculation of the average block size was 
made from Darwin’s formula 


tank pg 


Io Pq 


where /, is the integral line intensity of the speci- 
men under investigation; /, is the integral line 
intensity of the ideal mosaic preparation; p is the 
number of planes within the block; q is the ratio of 
the amplitude of the rays reflected by one plane to 
the amplitude of the incident rays [22]. 
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TABLE 1. Values for the Bragg angles and the absorption factors 


Radiation Indices Yat 


(200) 27°47" 
(321) 60 42 


Cu K, (330) 82 06 
(411) 


Nai e? 
= IF | 2 
sind 


where V is the number of elementary cells in unit 
volume. 

a_ is the lattice parameter 

0 is the Bragg angle 

|F| is the valve of the structure factor. 

For the line (110) in copper radiation |q| = 3.28 x 
10%. 

The block size D is found from the formula 


D = pd, 


where d is the interplanar spacing in the direction 


(110). 


EXPERIMENTAL RESULTS AND THEIR 
DISCUSSION 


The results of studying the hardening processes 
are shown in Fig. 1. It is seen that the hardness 
(Hy), of niobium hardened by uniaxial static com- 
pression increases with the amount of compression 
up to approximately 25 per cent. With an increase in 
the degree of deformation ¢ from 25 to 55-60 per 
cent there is an insignificant increase in the hard- 


ness. 
With higher compressions of the specimens the 


rate of the increase in the hardness again increases. 


The true compression stress S varies with the 
degree of deformation similar to the hardness. 

The curve of the variation in the second order 
distortions of the crystal lattice (Aa/a), is the 
same as the curves of the variation in hardness 
(Hj), and in the true compression stress to deform- 
ations of 60-70 per cent (Figs. 1,2). The difference 
consists only in the fact that with values of « > 60 
per cent the lattice distortions (Aa/a), increase 
insignificantly in comparison with the variation in 
the hardness and the true compression stresses. 

Third order distortions of the crystal lattice 


(Via). 


increase rapidly at first with the degree deformation 
to the order of 7 per cent and then there is practical- 
ly no change up to the value « = 60 per cent. With 
higher degrees of deformation when the strength 
sharply increases the r.m.s. atom displacements 
increase considerably. 

The block size of niobium annealed at 1200°C 
for an hour was equal to 2 x 10“ cm. With smaller 
compressions of the specimens (to 4 per cent) 
rapid diminution of the blocks to sizes of about 
7 x 10° cm takes place. With this the grains break 
up noticeably but remain sufficiently large so that 
single spots evenly distributed on the diffraction 
lines are visible on the X-ray photographs of rigid 
specimens. This picture does not radically change 
with deformations in the range 4-25 per cent. Con- 
sequently with these deformations a considerable 
increase in the lattice distortions Aa/a takes place 
without substantial variations in the block size. 

The fact that the blocks break up at the low 
stresses (S < 30 kg/mm?) applied during deformation 
indicates that in this case the role of each type of 
defect in the crystal lattice can result in an increas- 
ed probability for the appearance of events of 
plastic deformation which lead to a destruction of 
the coherent scattering of X-rays by the atoms of 
the original large blocks. The large break-up of the 
blocks is obviously influenced by the comparatively 
long paths travelled by the dislocations before 
being stopped by some lattice defect (the number of 
which in annealed crystals is relatively small) or 
by block and grain boundaries. Large elastic 
residual distortions of the lattice are not created 
by this because at each elementary event of plastic 
deformation there is a partial release of the stress. 
Thus large elastic distortions of the lattice cannot 
be produced in a metal at a given stage of plastic 
deformation without having the units in it break up 
into a certain size which obviously depends on the 
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nature of the metal. 

With the further breaking up of the block the 
paths of the dislocations in plastic deformation are 
reduced as a result of the reduction of the extent of 
the crystal lattice with the almost ideal periodic 
atomic arrangement. In this way simultaneously with 
the increase of the number of defects of the lattice 
in the form of block boundaries and second and 
third order distortions the number of those places in 
which the events of the elementary plastic displace- 
ments can be produced increases. For this reason 
there is an increase in the number of atoms taking 
part in the deformation of the specimen [16], and 
consequently also the degree of using the inter- 
atomic bond; this obviously leads to a hardening of 
the metal. 


A considerable growth in the second order dis- 
tortions with an amount of deformation of 4-25 per 
cent can be influenced by the fact that by means of 
this, comparatively large groups of atoms are dis- 
placed whose linear dimensions are approximately 
equal to the linear dimensions of the blocks. On 
encountering obstacles in the form of defects and 
boundaries the elastic deformation of these element- 
ary volumes takes place which results in the effect 
of a broadening of the diffraction lines. 

Third order distortions of the crystal lattice, simi- 
lar to more disordered displacements of atoms from 
their own positions of equilibrium in the lattice 
appear mainly near the block and grain boundaries 
and they can be considerable in size; but since the 
number of such atoms in comparison with the total 
number of atoms in the volume is small, a small 
effect of weakening the line intensities on the X-ray 
photographs is produced. 

It is interesting to note that in this region of de- 
formation (4-25 per cent) the strength increases 
strongly. Consequently at this degree of deformation 7 
the hardening can be influenced by an increase in 
the degree of using the binding forces between the 
atoms owing to the increase in the number of defects 
in the lattice as a result of the second order dis- 
tortions of the crystal lattice. 

When the specimens are compressed by 25-60 per 
cent a considerable variation in the grain structure 
is observed which consists in the breaking up of 
grains and the appearance of a texture which be- 
comes perfect (becomes more clear) as the degree 
of deformation increases. With this there also takes 
place some breaking up of the blocks and a small 
increase in the lattice distortions (Aa/a).; the 
third order distortions do not vary. Slight hardening 
at this stage of deformation is connected with the 
variations in the structure. 

Intense hardening with large deformations (€ > 60 
per cent) is obviously influenced by the perfection 
of the texture and by an increase in the absence of 
easiest shear planes favourably oriented with res- 
pect to the effective force. The role of these 
factors can be judged from the variation in the de- 
pendence of the hardness on the angle of inclination 
measured in the direction parallel 


and perpendicular 

(AV). 
to the axis of the specimens. With an increase in 
the degree of deformation the hardness 


(H)). 
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increases because of the perfection of the texture 
and an increase in the absence of easiest shear 
planes favourably oriented with respect to the 
effective force. 

The hardness 

(Hv), 

measured perpendicularly to the direction of the 
deforming force varies very little with an increase 
in the deformation because for this direction of the 
effective force there are many sufficiently unused 
easiest shear planes. 


An attempt can be made to explain the consider- 
able increase in the third order distortions 


(Via, | 


in the region of degree of deformation above 60 per 
cent in the following way. 

As a result of the absence of easiest shear 
planes, the attainment of the maximum second order 
distortions of the crystal lattice for the given mater- 
ial and the block dimensions, a further increase in 
the external stresses can actuate separate atoms 
and groups of atoms the linear dimensions of which 
are considerably less than the block size [17]. Such 
displacements form very local residual elastic dis- 
tortions distributed more within the volume than 
along the mosaic block or grain boundaries. These 
lattice distortions will affect the intensity of the 
diffraction lines. 

These concepts are supported by the dependence 
of the elastic strains Aa/a on the true compression 
stresses (see Fig. 2). 

It is seen that up co a degree of deformation of 
60 per cent a straight line, and therefore a correct 
relation, is obtained 


Aa 
6) 


where the coefficient K has the sense of an elastic 
modulus if S corresponds to those average stresses 
which were the cause of the appearance of the 
elastic strains Aa/a. 

From our experimental data it was found that 


K = 18,000 kg/mm?, which agrees well with the 


modulus of elasticity for niobium E = 16,000 kg/mm?. 


The constant K does not change up to a compress- 
ion of 60 per cent. This means that deformation to 
such amounts is accompanied by elastic deformation 
of the metal regions the dimensions of which are of 
the order of the block sizes. 

However with deformations ¢ > 60 per cent the 
relation Aa/a = f (S) is expressed by an almost 


horizontal straight line which corresponds to very 
high values of K. This can be explained by the 

fact that with such high degrees of deformation 
residual elastic lattice distortions are formed which 
are localized in such small volumes that they do 
not affect the line broadening. In particular these 
elastic distortions can be third order distortions 
which immediately sharply increase with large 
degrees of deformation. 

The role of third order distortions of the crystal 
lattice on the sharp increase in strength (¢ > 60 per 
cent) can consist of the following. These distor- 
tions are very local but are distributed not only 
along the mosaic block and grain boundaries but 
also within the volume. The sites of the lattice 
distortions can be both the sites of the origin of 
very local events of plastic deformation and also 
sites for stopping these deformations. Ccnsequently 
a large number of atoms takes part in deformation 
[17]. 

Fig. 1 also contains the results of studying the 
process of hardening by uniaxial compression with 
a vibration method of loading. 

The nature of the variation in the hardness and 
the second and third order distortions of the crystal 
lattice is the same as in the case of static loading. 
However, all the curves in this case are displaced 
considerably lower with all degrees of deformation. 

A reduction of the internal stresses by replacing 
the static method of loading with vibration can be 
produced for the following reasons: 

(1). Owing to the increase in the number of poss- 
ible shear planes with impact [18] the paths of the 
elementary plastic displacements in the micro- 
volumes are decreased; 

(2). Partial redistribution of the stresses which 
occur in the specimen with every new impact of the 
vibration hammer can also result in the appearance 
of a large number and much shorter paths for the 
elementary plastic shear in the microvolumes. 

(3). With the impacts on the sites of the element- 
ary plastic displacements the atomic mobility can 
increase to such an extent [19] that the lattice 
distortions which arise in these sites are partially 
removed. 

In Fig. 1 the curves 


(Ay) (=) and {220 


T 319! n 


represent the variation in the structure and the 
strength which takes place when hardening by draw- 
ing. 

In this case the original material had a larger 
grain size although its hardness was equal to the 
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hardness of the original uniaxial compression 
specimens. 

The hardness measured in the cross-section of 
the wire 


(AY 


showed practically no change when the degree of 
deformation was increased from 45 to 94 per cent. 
The hardness measured in the direction perpendi- 
cular to the axis of the wire increased as the degree 
of deformation increased. 

This variation in the hardness is obviously con- 
nected as in the case of uniaxial compression with 
anisotropy which appears as a result of the perfect- 
ion of the texture. Anisotropy of the distortions of 
the crystal lattice is connected with the texture 
which we are investigating at the present time. 

It is interesting to note that with deformation by 
drawing, considerably larger third order distortions 
of the crystal lattice are formed compared with the 
case of deformation by uniaxial compression where 
they increase continuously from having already 
begun at « = 45 per cent. Since the blocks up to 
« = 73 per cent are quite large (10°§ cm) and their 
dimensions do not change, a sharp increase in 


Va 
at « = 73 per cent is influenced by such static atom- 
ic displacements within the mosaic blocks which do 
not destroy the coherence of X-ray scattering [20]. 
Only with high degrees of deformation (€ > 73 per 
cent) do these displacements of the atoms become 
so large that they result in the destruction of the 
scattering coherence and consequently also to the 
breaking up of the mosaic blocks. 

Fig. 3 contains the results of a study of the spe- 
cimens which were subjected to low deformation 
(0-5 per cent) by extension. Light and dark spots 
represent the values obtained by the first method 
from the integral intensities of the lines (220), 
(321), and (330); the values for the size of the 
mosaic blocks which were determined from the ab- 
solute integral intensity of the line (110) are repre- 
sented by triangles (second method). With a deform- 
ation of 5 per cent only the upper limit of the block 
size was determined. 

From the data deduced it is seen that in the de- 
formation range investigated, the blocks break up 
from 5 x 10“ cm (original specimen) to 10 cm 
(5 per cent deformation). The sizes of the blocks 
determined by the second method agree well with the 
dimensions determined by the first method from the 
ratios of the line intensities (200), (321) and (330). 


FIG. 3. 


Thus the most intensive breaking up of the blocks 
in deformation takes place in the very initial stages 
of deformation (to 5 per cent). The result obtained 
agrees well with the results of other works [9,10] in 
which the block size was determined by using 
“Microbeam” X-rays). 

Static third order distortions were calculated by 
using the tabular value of the characteristic temper- 
ature of niobium (© = 301°). In the original spe- 
cimen there are considerable third order distortions 


(V = 0,06 A). 


This result agrees with the modern concepts 
about the dislocation theory and with the results of 
other works [23] in which it was noted that the 
distortions of the crystal lattice even in annealed 
metals influence the width of the diffraction lines. 

From the experimental results of the present work 
it is seen that the relative role of the structural 
factors in the variation of the strength depends on 
the stage of deformation. From the results of other 
work it also follows that there is no agreement 
between the variations in the strength and in one or 
two factors in the fine structure. For this reason 
doubts arise as to the expediency of seeking a uni- 
versal structure factor which is responsible in all 
cases for the hardening of metals and alloys. Obvi- 
ously the relative role of the structural factors in 
the hardening process varies depending on the 
method and stage of hardening and also on the pro- 
perties of the material. 

It is general for all cases of hardening by cold 
work that the hardening is influenced by the degree 
to which the interatomic bond is used [16]. For this 
reason any variation in the structure which promotes 
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an increase in the degree of atomic participation in distortions of the crystal lattice, in the mosaic 
block dimensions, in the texture and the strength 


properties of niobium when hardened by cold work 


deformation must result in hardening. 
These variations in structure can include: 


1. Breaking up of the mosaic blocks and grains; to varying degrees. 
. Disorientation of the blocks and grains; It was established that in the hardening of nio- 


. The degree of texture if the hardness is mea- bium the structural factors enumerated above play 
sured in the direction of the deforming force; a substantial role. The relative role of these 


. The growth of any type of local lattice dis- factors depends on the method and stage of 
tortions; hardening. 


. The uniformity of the distribution of lattice 
distortions by volume. 


CONCLUSIONS 


The variation in the second and third order 


Translated by J. Murray 
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NON-EQUILIBRIUM STATES AND DIFFUSION CREEP IN METAL CERAMIC BCDIES* 
B. Ia. PINES and A.F. SIRENKO 
Gor’kii Khar’kov State University 
(Received 6 May 1958) 


The diffusion creep of metal ceramic bodies in extension slackens sharply after preliminar 
annealing; with this the first stage of “irregular” creep disappears. Cold work on the other han 
causes an intensification of the creep and the reactivation of its first stage. In the specimens from 
mixtures of powders of interacting metals the initial creep rate was increased in connexion with the 
appearance of excess vacancies in the heterodiffusion process. The rate of the steady creep v de- 
pends on the applied stress p according to the law v ~p® where a= 1.3. The creep activation energy 
is less than the self-diffusion activation energy and it increases with increasing duration and tem- 


perature of annealing. 


1. The study of the kinetics of sintering metal 
ceramic bodies (pressed from powders of metals and 
alloys) led to the conclusion [1, 2, 4], that the sin- 
tering process is accomplished by self-diffusion and 
is a diffusion growth of body pores by atoms migrat- 
ing from the outer surface. This process takes place 


under the action of “negative” pressure which arises 
near the pores as a result of the summation of the 
surface tension forces acting on the elements of the 
pore surface. 

The process mentioned can also be regarded as 
the development of diffusion creep under the action 
of surface tension forces. In the quantitative com- 
parison of the kinetics of the sintering process with 
that expected on the basis of ideas on the diffus- 
ion creep it was found [2], that the sintering rate 
observed for metal ceramic bodies is of the order 
of 2-3 times higher that that calculated. This rate 
does not remain constant but decreases with the 
passing of time. The decreased coefficient of vis- 
cosity 7 (the increased coefficient of fluidity 1/7) 
corresponds to the indicated peculiarities and is 
connected with the coefficient of diffusion D by the 
relation 


kTa? (1) 


(k is the Boltzmann constant; 7 is the temperature; 
5 is the linear atomic dimension; a is the average 
pore dimension. With other forms of diffusion creep 
in the denominator of the right part of formula (1) 


* Fiz. metal. metalloved., 7, No. 5, 766-776, 1959. 


instead of a? there is the multiplier L?, a certain 
characteristic linear body dimension; cf. [3]). 

The increased sintering rate (or creep rate) as 
opposed to that calculated must correspond to the 
increased value of the coefficient of self-diffusion 
D which according to Frenkel’s theory [4], can be 
influenced by the presence of excess “vacancies” 
in the crystal lattice. In explaining the high ex- 
perimental values for the rate of sintering of bodies 
pressed from so-called active metal powders the 
hypothesis [2] was put forward that the bodies 
mentioned are in a non-equilibrium state. They pos- 
sess defects and distortions of the crystal lattice, 
the gradual “removal” of which at high temperatures 
results in the appearance of excess vacancies 
which also influences an increased sintering rate. 
This hypothesis cannot be tested experimentally 
on the basis of only one test on the sintering of 
metal ceramic bodies. In fact it would be necessary 
for example to bring the metal ceramic bodies by 
preliminary annealing into a state which is much 
nearer to the thermodynamic equilibrium and then to 
subject them to sintering having tested how the rate 
of the process will change. But it is impossible to 
do this since it is impossible to exclude the action 
of capillary forces during the preliminary annealing. 
If, however, sintering is the diffusion creep process 
under the influence of surface tension forces then it 
is possible to carry out a test similar to the one 
mentioned above to observe the creep of metal 
ceramic bodies caused by external forces the action 
of which can be removed both in the preliminary 
annealing process and at other times. 

One or other of the results of a similar test may 
provide the answer which would make it possible to 
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evaluate the correctness of the explanations sug- 
gested for the discrepancy between the calculated 
and experimental values for the sintering rate. 

One of the main reasons for carrying out the tests 
described below to study the creep of metal ceramic 
bodies was to explain the question indicated. 

In this respect we note that for the experiment it 
is necessary to choose conditions which corres- 
pond in particular to diffusion creep as it is known 
that similar kinetic deformation relationships are 
found in creep processes of a different origin. In 
isothermal creep under the influence of a constant 
stress three stages are usually observed: the first — 
during the course of which the deformation rate 
decreases; the second — the so-called stage of 
steady creep, during which the deformation rate 
remains constant; the third — the stage of accele- 
rating creep at the end of which the body is des- 
troyed. A different creep origin does not influence 
the kinetics but the dependeace of the creep rate 
on the stress. 

Thus according to Weertman’s theory [5], in creep 
controlled by “climbing” the dislocations the 
rate of the process depends on the stress accord- 
ing to the law: v ~p%, where a & 4 to 5. For creep 
controlled by slip along the grain boundaries ac- 
cording to the data of other authors [6] v ~ sinh p. 
In diffusion creep one must expect a linear depend- 
ence between v and p. The temperature dependence 
of v is usually exponential. The creep activation 
energy calculated does not always correspond to 
the known constants of the system (for example, 
the activation energy of volume self-diffusion, sur- 
face self-diffusion etc.). 

2. In order to approximate the conditions of dif- 
fusion creep the tests in the given investigation 
were carried out at relatively high temperatures and 
low applied forces. The creep test by extension was 
made on metal ceramic bodies produced from press- 
ing powders of copper (of electrolytic origin), nickel 
(carbonyl), iron (“vortex”) and also from mixtures 
of the powders indicated. The grain size of the Cu 
and Ni powders was 10-15 y; of the Fe powder 
30-40 js. 

The specimens were prepared in the shape of 
rods 3 x 3 mm in cross-section with a working 
length of 90 mm and special heads with a larger 
cross-section by pressing the respective powders 
(or mixture of powders) in a sectional press mould. 
The initial porosity of the specimens was in almost 
all cases 30-32 per cent. The tests to study creep 
were carried out at temperatures up to 1250° in the 
vacuum apparatus shown in Fig. 1. 

The apparatus was evacuated by the oil diffusion 
pump MM-40. The specimens to be extended were 


loaded by an electromagnet. The clamps into which 
the heads of the specimens were affixed were made 
of stainless steel and they had a cross-section one 
and a half times that of the specimens; for this 
reason they were practically undeformed. The ex- 
tension of the specimens was recorded from the 
angle of rotation of a mirror through whose sup- 
porting axle runs a thread connected to the lower 
moving grip on the specimen head and tightened by 
a small weight. 

The light reflection from the mirror focused by a 
lens is observed on a scale standing at a distance 
of 1.5 m. The total increase when measuring the 
displacement which represents the deformation was 
800. With this it was possible to record the relat- 
ive deformation beginning with values of about 
1 x 10°. A second mirror was also used which was 
fastened to a cylinder of a greater diameter and 
which registered the deformations with a smaller 
increase. The presence of doubled monitor record- 
ing was useful with the variation in the initial read- 
ing for the light reflections from the mirrors which 
was made in the test process and achieved by turn- 
ing the mirrors (to an arbitrarily chosen angle) using 
the “screw drivers” introduced on rubber seals into 
the vacuum space of the apparatus. The latter are 
screwed in when necessary to contact the axes of 
the mirrors and screwed out after the rotation of the 
axes. 

3. Fig. 2. shows the creep curves (the depend- 
ence of the elongation Al/1 on the time ¢) in vari- 
ous specimens at 1000°. The curves in Fig. 2a 
refer to the specimens of pure copper which at 
1000° were under a load of 10 g/mm? and which had 
undergone preliminary annealing for a different 
period of time 7 at this temperature. With an increase 
in the length of the preliminary annealing the initial 
rate and also the full value of deformation in creep 
are substantially reduced. The decrease in the 
initial rate is particularly great. On the specimens 
which had undergone preliminary annealing of 1 and 
4 hours the first stage of creep was practically 
absent. This confirms the hypothesis expressed 
above about the connexion of the retardation of the 
first stage of creep for the non-equilibrium state of 
the specimens which is gradually removed as the 
preliminary annealing is prolonged. 

The curves in Fig. 2b represent the creep of 
metal ceramic specimens pressed from a 50 per cent 
mixture of Cu and Ni powders and they also corres- 
pond to the different preliminary soaking of the spe- 
cimens at 1000°. The creep deformation in this case 
was considerably more than for the specimens of 
copper powder. This can be explained by the pre- 
sence of a large number of excess vacancies which 
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To the pump 


FIG. 1. a — general view, 
b — plan of the apparatus, 7 
1 — specimen; 19 
2 — thermocouple; 
3 — furnace winding; 
4 — electromagnet; 
5 — arresting device; 
6 — 7, mirrors; 
8 — water cooling; 
9 — load. 


are formed as a result of the heterodiffusion process 
in the Cu-Ni system because of the inequality of 
the partial coefficients of the diffusion components. 

As is known the vacancies mentioned precipitate 
from the super-saturated solution forming additional 
pores [7] in connexion with which,the sintering of 
the specimens from mixtures of powders of mutually 
diffusing metals becomes poorer in comparison with 
the sintering of pure components. As the curves in 
Fig. 2b show, creep under the action of external 
forces, on the contrary, turns out to be consider- 
ably higher as compared with that observed for a 
specimen of pure copper when 7 is small (7 <15 min). 
With an increase in the length of the preliminary 
soaking (7 > 1 hour) creep deformation of the speci- 
men from a 50 per cent mixture of Cu and Ni powders 
decreases sharply and becomes less than for the 
specimen of pure copper. 

Consequently with the soaking mentioned the 
excess vacancies from the source indicated in the 
given system disappear completely. This is the 
conclusion of the results of studying the kinetics 
of sintering [8]. 

The described effects have a consistent inter- 
pretation only when the phenomenon observed is 


treated as diffusion creep and they certainly cannot 
be explained if an attempt is made to apply the 
conceptions of the “dislocation” theory to them. 
From the point of view of the dislocation mechanism 
of plasticity after preliminary annealing not a re- 
duction but an increase in the creep rate should be 
expected. In the specimens made of a mixture of pow- 
ders where solid solutions form, in contrast to the ex- 
perimental data a decrease in the creep rate should 
be expected. 

Fig. 2c contains the curves of the creep in spe- 
cimens with a different composition from mixtures 
of Cu and Ni powders for specimens which have not 
been previously annealed at a high temperature. The 
investigation was carried out at 1000° under a load 
of 10 g/mm?. Creep curves of specimens from pow- 
ders of mixtures of Ni and Fe have a similar form. 

To observe elongations of the same order of 
magnitude in the specimens from mixtures of Ni and 
Fe powders it was necessary to increase the test 
temperature of 1100° and to increase the applied 
stress to 50 g/mm?. In both systems the greatest 
elongation during creep is produced for specimens 
with a 50-50 concentration whichis probably influen- 
ced by the maximum number of excess vacancies 
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FIG. 2. a — The dependence of the relative elongation AJ// during creep on time for copper specimens: 
1—r=0; 2—7r=15 min; 3-—7=1 hr; 4-7= 4hr. 
b — The same for specimens with 50 % Cu and 50 % Ni: 
1—7r=0; 2—7r=15 min; 3—7r=1 hr; 4-7=4 br. 


c — The same for Cu-Ni specimens: 


1 — Cu; 2 — 90% Cu + 10% Ni; 3 — 75% Cut 25% Ni; 
4— 50% Cu+ 50% Ni; 5 — 25% Cu+ 75% Ni; 
6 — 10% Cu + 90% Ni; 7 — Ni; 7= 0. 
The temperature of the test for all specimens was 1000°C, p = 10 g/mm?. 


(which arise owing to heterodiffusion) in these 
specimens. 

Fig. 3a shows the dependence of the full elonga- 
tion as a result of creep by extension for 4 hours 
on the concentration for specimens from mixtures 
of Ni + Cu and Ni + Fe powders. The value of the 
full elongation in each system is a maximum at 
certain average concentrations which is seen in 
Fig. 2c. 

Data on the dependence of the initial creep rate 
(at the beginning of the first stage) on the time of 
the preliminary soaking in the specimens made of 
mixtures of Cu + Ni and Fe + Ni powders are shown 
in Fig. 3b-d. With short soaking times the increase 
in the initial creep rate is sharply expressed for 
specimens with average concentrations. With an 
increase in the duration of the preliminary soaking 
this effect becomes less significant and with soak- 
ing of more than 4 hours it practically disappears. 
For large durations the creep rate of the specimen 
from a mixture of powders is approximately equal 
to the value additively composed from the values 
for the components. 

4. The phenomenon examined above for the creep 
of metal ceramic specimens was regarded as taking 
place independently of the simultaneously occurr- 
ing sintering process. However, both phenomena 
can exert some influence on each other. This is 
affirmed by the data on the dependence of shrink- 
age in sintering specimens on the magnitude of the 
applied extension stress shown in Fig. 4a. The 
shrinkage decreases with increasing stress. Quan- 
titatively this effect is quite considerable. With a 


stress of 35 g/mm? the shrinkage of copper speci- 
mens in 4 hours at 1000° decreases from 26 (with 
no stress applied) to 18 per cent i.e. almost by 1/3. 

It is possible that the retardation of the sinter- 
ing during tensile deformation by creep causes a 
change in the shape of the pores. Prolate pores 
must cause less shrinkage of the same volume than 
isomeric pores. The decrease in the shrinkage 
observed for specimens subjected to extension is 
approximately proportional to the value for elonga- 
tion by creep. 

To test the effect of sintering on the course of 
creep the deformation of specimens of copper with 
a different initial porosity (32 and 10 per cent) which 
had been subjected to extension with the same load 
(35 g/mm?) and at the temperatures 900 and 1000° 
was compared. The behaviour of specimens with 
different porosity without preliminary annealing is 
different: on more porous specimens greater deform- 
ation is found. After preliminary annealing (4 hours) 
when the porosity of both specimens is practically 
equal their behaviour becomes the same. Obviously 
the phenomenon observed is completely influenced 
by a different value of effective stress acting in the 
specimens with a different porosity. A relative 
decrease in the area of the cross-section occupied 
by the substance to a value a 3/27 (7 is the 
volume porosity) takes place, since a is the part of 
the cross-section occupied by the pores. Thus it 
can be expected that for specimens the porosity of 
which differs by 22 per cent the effective active 
force differs by 33 per cent. This relationship 
completely explains the different value for deforma- 
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FIG. 3. a — The concentration relationship of full extension \J/I for 4 hours: 
1 — For Ni-Fe specimens (test temperature 1100°C, 
p = 50 g/mm’, 7 = 0); 
2 — For Cu-Ni specimens (test temperature 1000°C, 
p = 10 g/mn?’, r= 0). 
b — The concentration relationship of the initial creep rate v forCu-Ni 
specimens after preliminary annealing: 
l1—7=0, 2—7=15min, 3—7=1lhr,4—7=:4hr, test tem- 
perature 1000°C, p = 10 g/mn?’. 
c — The same for Ni-Fe specimens: 
1—7=0, 2—7=15 min, 3 —7=1 hr, test temperature 1100°C, 
p =50 g/mm’. 
d — The relation between the initial creep rate v and the time of the 
preliminary annealing: 
1 — for Cu; 2 — for a mixture of 50 % Cu + 50 % Ni; 3 — for Ni. 
Test temperature 1000°C, p = 10 g/mn?’. 


per cent). The relationship between the creep rate 
and the magnitude of the applied stress plotted in 
logarithmic co-ordinates is linear i.e. the relation- 
ship v = Ap® takes place. For the initial stage of 
creep a Y 1.4-1.5 and for stable creep a ¥ 1.3 at 

all temperatures of the experiment. The non-linear 
relationship between the creep rate and the applied 
stress must not be regarded in this case as con- 
tradicting the diffusion mechanism. The fact is that 
the metal ceramic specimens which were investigat- 
ed are non-equilibrium systems. Already in a transi- 
tion from the initial state towards the steady state 
creep a decreases towards unity. But even in the 
stage of steady state creep the specimens cannot 
be regarded as being in a state of complete equili- 
brium. This is seen from the data on the activation 
energy of the creep process given in Fig. 5. The 
value of the activation energy Q was determined 
from the relationship between the creep rate and the 


ation. Consequently the shrinkage process has no 
particular effect on the course of the creep. 
Particular attention should be attached to the 
explanation of the dependence of the creep rate and 
the value for elongation in creep on the applied 
stress. Theoretically for the inequilibrium system 
of assuming the diffusion mechanism the creep rate 
must depend on the stress according to the linear 
law, i.e. it must be directly proportional to the 
stress p. Calculations based on the dislocation 
model usually give a stronger dependence on the 
creep rate on the stress (for example the proportion- 
ality of the rate v to the value p® where a= 3 or 
4 according to [5], or v ~ sinh p according to [6]). 
Fig. 4b-c shows the dependence of the initial creep 
rate v, (when 7 = 0) and the rate of the stable creep 
rate v (for r= 4 hr) on the stress at different tem- 
peratures for specimens pressed from copper powder 
(the initial porosity of the specimens is about 32 
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FIG. 4. a — The curves of the isothermal contraction of Cu specimens under the stresses: 


1~—p=0; 2— 0.5; 3-1; 4— 3.5 kg/cm’. Annealing temperature 1000°C. 


ent temperatures: 


1 — 800; 2 — 900; 3 — 1000°C. 


c — The relation between the rate of the stable creep v (7 = 4 hr at 1000°C) 


the stress at different temperatures: 
1 — 800; 2 — 900; 3 — 950; 4 — 1000°C. 
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b — The relation between the initial creep rate vo (7 = 0) and the stress at differ- 


and 


FIG. 5. a — The relation between the magnitude of the activation energy Q of creep and the 


time 7 and the temperature T of preliminary annealing for Cu specimens: 


1 — 1000; 3 — 1060°C — first creep stage. 
2 — 1000; 4 — 1060°C — second creep stage. 


b — The concentration relationship of the activation energy Q for Cu-Ni specimens: 


1—7=0; 2—7= 15 min; 3 —7= 4 hr — first creep stage. 


4—7r=0; 5—7r=15 min; 6 —7= 4 hr — second creep stage. Temperature of pre- 


liminary annealing 1000°C. 


c — The concentration relationship of the creep activation energy for Ni-Fe specimens: 


1—7=0; 2—7=4 hr — first creep stage. 
3 —7=0; 4 —7= 4 hr — second creep stage. 
Creep temperature of preliminary annealing 1000°C. 
d — The same for a Ni-W mixture: 
1 —7=15 min; 2 —7= 4 hr — first creep stage. 
3 —7=15 min; 4 —7= 4 hr — second creep stage. 
Temperature of preliminary annealing 1250°C. 
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FIG. 6. The curve of the relative elongation \//I in creep against the time 
of the test for Fe specimens which had undergone preliminary anneal at 
1250°C under a load of 100 g/mm?; 

1 — Trest 900; 2 — Tres, 1080; 3 — Treg, 1200°C. 

The curve a represents the creep of specimens not previously annealed. 


temperature 7 for it was accepted that this relation 


had the form (cf. [2]) 


-QRT, 
v= e 
where A is a constant; KR is the gas constant. 
Since v still depends on the time, to determine Q 
values for v were taken depending on the temper- 
ature corresponding to the same t. Thus values for 
Q were found corresponding to the initial rate of 
the first stage of creep and also to the rate of 
steady state creep. Fig. 5a gives the values for 0 
at various creep stages for specimens of pure copper 
depending on the duration of the preliminary anneal- 
ing from which values corresponding to the prelimin- 
ary annealing at 1000 and 1060° were determined. 
The values obtained for Q depend both on 7 and on 
the temperature of the preliminary annealing. But 
even the greatest value for Q after a five-hour 
anneal at 1060° is only 38.000 cal/g-mole which is 
considerably less than the equilibrium value for the 
activation energy of the volume self-diffusion of 
copper which is equal [9] to 48,000 cal/g-mole and 


according to certain data [10] even 57,000 cal/g-mole. 


At the same time these values are much greater than 
the value for the activation energy of the internal 
friction along the grain boundaries (amounting to 
33,000 cal/g-mole for Cu; cf. [11]) so that the pre- 
sence of the indicated process must not be suppos- 
ed. 

It is known that a reduced value for the activat- 
ion energy of self-diffusion is always obtained in 
the case of non-equilibrium systems. It can corres- 
pond for example to the presence of surplus vacan- 
cies or atoms displaced from the position of equi- 
librium in which the activation energy of the trans- 
ition is lowered. It is possible that in the case of 


a non-equilibrium system as the deformation pro- 
ceeds at increasing stresses an increased number 
of atoms undergoing diffusion displacements is in- 
volved in connexion with which the creep rate in- 
creases with anomalous speed as the stress in- 
creases. Since according to the data on the kinetics 
of creep the metal ceramic objects which were in- 
vestigated must be regarded as non-equilibrium the 
dislocation of the linear relation between v and p 
even in the diffusion mechanism of creep is not 
excluded for them*. 

As far as the concentration relationship of the 
activation energy in specimens from mixtures of 
powders is concerned the data on it are given in 
Fig. 5b-d. 

Here the values for Q in the Ni-W system (Fig. 
5d) are given from the results of tests‘ carried out 
at 1100 and 1250° with a stress of p = 3.5 kg/cm’. 
With prolonged soaking the dependence of Q on 
concentration Q in the systems Ni-Te, Ni-Cu and 
Ni-W is nearly linear which does not contradict the 
diffusion mechanism. 

5. The investigation of the creep in connexion 
with the non-equilibrium states of metal ceramic 
bodies from a powder of iron is particularly inter- 
esting since it is possible to promote a phase trans- 
formation from a- to y-modification on heating above 
910°. Fig. 6 shows the creep curves of iron speci- 
mens at different temperatures. The dotted curve a 
corresponds to the test at 900° of a specimen which 


* Also the relation between Q and p is not excluded. It 
has not yet been tested. Fig. 5 contains the values of 
Q relating to creep with p = 1 kg/cm? — for the Cu-Ni 
system p = 5 kg/cm? for Fe-Ni and p = 3.5 kg/cm? 
for Ni-W. 

“Active” W powder with a grain size of 10° was used. 
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FIG. 7. The dependence of A//J on the time in the creep test of Fe specimens: 
1 — at 900°C after preliminary annealing to 1250°C; 
2 — at 900°C after preliminary annealing to 1250°C + 2 % deformation at room 


temperature. 


3 — at 900°C after preliminary annealing to 1250°C + 10 % deformation at room 


temperature. 


4 — creep at 1200°C after preliminary annealing to 1250°C + 10 % deformation at 


room temperature; 


5 — at 1200°C after preliminary annealing to 1250°C. 
Curve a represents the creep for the specimen tested at 900°C without prelimin- 
ary annealing; p = 100 g/mm?. 


had not been subjected to preliminary annealing. 
The other curves refer to specimens which had un- 
dergone preliminary heating (without soaking and 
with a soaking of 4 hours) to 1250°. As is seen the 
creep rate at 900° after the annealing mentioned 
decreased by several tens of times. 

The dotted curve a on Fig. 7 represents the creep 
at 900° of an iron specimen not subjected to preli- 
minary annealing. Curve 1 corresponds to creep at 
900° for a specimen previously heated (without 
soaking) to 1250°. Curve 2 corresponds to the spe- 
cimen which after the same preliminary heating was 
subjected to a compression of 2 per cent in a press 
at room temperature. Creep after cold deformation 
increases sharply (the test was carried out at 900°). 
Curve 3 refers to the specimen which after prelimin- 
ary annealing was reduced by 10 per cent in a press 
and tested under the same conditions. Here an even 
greater increase in the creep was noted than for the 
specimen represented by curve 2. In addition to the 
increase in creep a reduction of the so-called first 
(initial) stage of creep is noted on curves 2 and 3. 

Curves 4 and 5 represent the test at 1200° of 
specimens previously heated to 1250°; in this a 
specimen represented by curve 4 was subjected to 
a cold compression of 10 per cent. As is seen the 
non-equilibrium state at 1200° is removed very quick- 
ly as there is little difference between curves 4 and 


5 


Fig. 8. shows the creep curves at different tem- 
peratures for specimens of iron not subjected to 
preliminary annealing*. The variation in the curves 
depending on the temperature is not monotonic. At 


first the creep rate increases with an increase in 
the temperature then it falls with a jump in the 
range between 900 and 950° and later grows mono- 
tonically. The relation between the rate of the 
stable creep and the temperature is shown in Fig. 9 
and in Fig. 10 the semi-logarithmic graph is given 
on which In (v7) is represented as a function 1/T. 
The straight lines obtained agree with the equation 
(1) and make it possible to determine the value of 
the activation energy in the a-and y-phase. The 
values for the activation energy of the a-phase were 
different for unannealed and previously annealed 
specimens and they were equal to 39 and 

52 keal/g-mole respectively. The activation energy 
value in the y-phase was practically the same for 
both specimens (66-68 kcal/g-mole) although the 
creep rate was higher for unannealed specimens. 
For comparison we note that the activation energy 
of self-diffusion for iron amounts to 60 kcal/g-mole 
in the a-phase and 70 kcal-g-mole in the y-phase. 

It is easy to see that all the effects enumerated 
here can be understood only from the point of view 
of the diffusion mechanism accounting for the non- 
equilibrium states for which the excess number of 
“vacancies” is responsible. The presence of the 
effects described is in complete agreement quali- 
tatively with the hypothesis proposed for explain- 
ing the increased sintering rate [2] on the non- 
equilibrium state of metal ceramic bodies and on the 


* Similar curves were obtained for previously annealed 
specimens. 
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FIG. 8. The dependence of \//I on the time of the test 
for Fe specimens which had not undergone the preli- 
minary annealing at different test temperatures; 
p = 100 g/mm?. 1 — 800; 2 — 850; 3 — 900; 4 — 950; 

5 — 1080; 6 — 1200°C. 
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FIG. 9. The dependence of the stable creep rate v on 
the temperature of the test. 
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FIG. 10. The dependence of In (v7) on 1/T: 1-3 — for the initial creep stage; 
2-4 — for the stable creep. 


increased coefficient of self-diffusion in them (in- 
fluenced by the excess vacancies). As far as the 
quantitative agreement is concerned the data for 
testing it are not yet sufficient since the effects of 
approaching equilibrium were not previously taken 
into account wien they take place on heating spe- 
cimens to a given temperature. 


CONCLUSIONS 


1. Metal ceramic specimens pressed from powders 
of pure metals and mixtures of metallic powders 
develop diffusion creep at high temperatures. At 
first a stage of irregular creep is observed during 
which the deformation is retarded with time; after 
this there follows a stage of stable creep with a 
constant deformation rate. 

2. The preliminary annealing of metal ceramic 
specimens decreases the initial rate and magnitude 
of complete creep deformation. With sufficiently 


prolonged preliminary annealing the first stage of 
creep disappears entirely. 

3. Cold working (compression at room temperature) 
increases the initial rate and magnitude of complete 
diffusion creep deformation at high temperatures. 
After cold work the first stage of creep removed by 
preliminary annealing is reduced. 

4. Metal ceramic specimens from mixtures of 
powders of mutually diffusing metals develop a 
sharply increased initial creep rate responsible for 
the first stage. After prolonged annealing the initial 
rate of creep and the full creep deformation fall 
sharply. 

5. Creep deformation of a porous metal ceramic 
specimen carried out by extension at high tempera- 
tures noticeably decreases the sintering rate for the 
specimen. 

6. Specimens with different initial porosity have 
a different initial creep rate obviously in accord- 
ance with the different effective acting stress. After 
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annealing which equalizes the porosity the creep 
rate in the specimens becomes the same. 

7. The initial creep rate and the rate of the stable 
creep for metal ceramic specimens depends on the 
applied stress somewhat more strongly than accord- 
ing to the linear law (v ~ p%, where a = 1.5-1.3). 
This is possibly caused by departures from the 
equilibrium state. 

8. The value of the activation energy of the creep 
process in single-component metal ceramic bodies 
is less than the values of the equilibrium activation 
energy of volume self-diffusion. Only in specimens 
from iron powder which have undergone preliminary 
annealing does the creep activation energy (parti- 
cularly in the y-phase) approach the equilibrium 
value for the activation energy of self-diffusion. 


For specimens from mixtures of powders of dif- 
ferent metals which have undergone prolonged an- 
nealing the creep activation energy | sae on the 
concentration of mixtures according to the linear 
law. 

9. The rules for creep observed in metal ceramic 
specimens can only be explained on the basis of 
conceptions on the diffusion mechanism of the 
process taking into account the non-equilibrium 
states which cause an increased value for the 
coefficient of self-diffusion and a lowered value 
for the activation energy. 


Translated by J. Murray 
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ENERGY DISSIPATION BY AN OSCILLATING SPECIMEN AT HIGH TEMPERATURES* 
V.S. POSTNIKOV 
Kemerovsk State Pedagogical Institute 
(Received 17 January 1958) 


An examination is made of the hole-type mechanism of energy dissipation by a wire specimen 
performing low-frequency oscillations with an amplitude of 10“ cm. The theoretical results are com- 
pared with the experimental data obtained for pure aluminium. 


It is known that, as temperature rises, internal 
friction in metals and alloys increases. A particu- 
larly pronounced increase of Q- (7) takes place at 
temperatures above the recrystallization tempera- 
ture, when noticeable softening of the material 
begins. In papers [1-3], the temperature dependence 
of internal friction for a number of metals was in- 
vestigated both from the experimental and theoretic- 
al points of view. A full survey of the temperature 
dependence of internal friction in metals and alloys 
was given in paper [1]. According to theory, intern- 
al friction can be represented as a sum of contribu- 
tions made by various relaxation phenomena which — 
it is assumed — are independent of one another. 
Thus, the internal friction of aluminium, depicted 
in Fig. 1 by curve 1, can be regarded as consist- 
ing of contribution II, attributable to viscous slip 
along the grain boundaries [1, 2, 5-7], contribution 
III, due to heat conduction, interaction between 
elastic vibrations and thermal vibrations of the 
lattice, and interaction between thermal lattice 
vibrations and conductance electrons [8-12], and 
contribution IV, due to migration of various lattice 
defects in the stress field, and obtained by sub- 
tracting the first two contributions from the experi- 
mentally-determined value of internal friction. In 
papers [1, 2], this is obtained for aluminium from 
the formula 


(T) = 


derived from simple considerations of physical 
kinetics [13]. 
An attempt is made here to analyse in greater 


* Fiz. metal. metalloved., 7, No. 5, 777-781, 1959. 


detail the last-mentioned (IV) contribution, usually 
known as the “background”. 

Real crystalline bodies possess various atomic 
defects [14], either simple (impurity atoms, dislocat- 
ed atoms, vacant lattice points) or complex (differ- 
ent types of dislocations). Migration of these defects 
in a stress field must result in dissipation of elas- 
tic energy. 

To begin with, let us consider energy dissipation 
due to the motion of simple defects. Among the 
above-mentioned simple defects, vacant lattice 
points or “holes” deserve the greatest attention. In 
fact, impurity atoms form defects whose quantity 
does not depend on temperature. Consequently, 
their concentration will not be a function of temper- 
ature and the contribution to internal friction, due to 
motion of these defects in the stress field will be a 
constant quantity which, in the case of aluminium, 
for example, will not exceed about 20 x 10°‘. As the 
energy of formation of an interstitial dislocated 
atom is greater than the energy of formation of a 
hole [14], the concentration of interstitial atoms 
even at high temperatures will be much lower than 
the concentration of holes; the contribution to the 
internal friction, due to interstitial atoms, will also 
be much smaller than that due to moving holes and 
as a rule can be altogether ignored. 

Vacant lattice points or holes in an actual metal- 
lic crystal may be formed during the process of crys- 
tal growth from the melt or through its subsequent 
mechanical or heat treatments. Even in an ideal 
crystal, however, holes may be expected to form at 
temperatures above 0°K, and their concentration 
should strongly depend on temperature. Let an ideal 
crystal at absolute zero have not a single vacant 
lattice point (Fig. 2a). At temperatures above 0°K, 
the lattice atoms will be in a state of thermal motion, 
and it is entirely probable that one of these atoms 
will by chance (through fluctuation of thermal energy) 
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FIG. 1. Temperature dependence of internal friction 
of pure aluminium: 
1 — experimental curve; 
2-5 — contribution due to different mechanisms. 


acquire sufficient energy to enable it to emerge on 
to the crystal surface (Fig. 2b). As a result, a 
vacant lattice point or hole is formed, which may be 
filled by a nearby atom from the second layer of 
atoms, thus bringing about a motion of the hole 
towards the centre of the crystal. After a period of 
time, as a result of this process, the originally 
dense crystal will become more or less porous 
(Fig. 2c). It is not difficult to find the concentration 
of holes formed by this process. 

Let u, be the energy required for the formation of 
a single vacant lattice point. The increase of intern- 
al energy due to formation of n, holes will then be 


E= Ayu). 


Let ny be the total number of atoms in a unit volume 
of crystal. The n, holes formed may be distributed 
in the crystal (at points of the lattice containing 
no atoms) in W ways, where 

No! 


Consequently, the increase in the entropy of the 
crystal, due to formation of n, holes, equals 


FIG. 2. Determining the length of settled life of 
vacancies: 
a-c — vacancy formation, according to Schottky; 
d — potential relief due to effect of interatomic 
forces; 
e — resultant potential relief due to effect of 
both interatomic forces and external force. 


S* =kIn Mo! 


(Ny — ny)! n,! 


Applying Stirling’s formula to this expression, we 
obtain 


S* =k [n,Inny— (my — ny) In (ny — my) — n, In ny]. 


If, in the first approximation, one ignores changes 
in the crystal volume or in the frequencies of oscil- 
lation of atoms adjoining the holes, the expressions 
for S and E will only contain terms in n,. It is known 
[18] that thermal equilibrium in this case depends 

on the condition of minimum free energy 


F =nu,—kT[a,Inn,— ny) 
In (nsx — 14) — In ny] 


with respect to changes in n,, i.e. 


=o. 


On, 
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Differentiating F with respect to n, gives 
u,— kT In Inn, = 0. 


Finally, we obtain 


Since n, K no, the following expression is obtained 

for the number of holes per unit volume of crystal 


n, =n,exp | —— 
P| (3) 


Holes may also form in crystals by another process, 
namely as a result of atoms passing into the inter- 
stitial spaces. Let n’ be the total number of poss- 
ible interstitial spaces, n, the number of holes and 
ui the energy required for moving an atom into an 
interstitial space. Reasoning in the same way as 
before, we find 


(4) 


The position of holes in a crystal is not permanent- 
ly fixed; on the contrary, it continuously changes 
in time because of thermal fluctuations of the 
lattice. The thermal fluctuations provide an atom 
with the energy necessary for moving into an ad- 
joining hole through a potential barrier u, which 
separates them (Fig. 2d). Having moved into its 
new equilibrium position, the atom gives up some 
its energy to its new neighbours and remains for a 
time in the new equilibrium position. Thus, a hole 
can only be displaced into a new position if an ad- 
joining atom acquires the energy u,, necessary for 
a move to a vacant lattice point. The average time, 
r, for which a defect remains in a given position in 
the lattice may be called, according to Frenkel’s 
terminology [15], the time of “settled life” of a 
defect. If the various hole displacements take place 
solely as a result of thermal energy fluctuations in 
the lattice, there can be no energy dissipation by 
the crystal during an observation time of 7), even 
if during the same time an average of 7,/7 hole 
displacements occur. If, however, a force F is 
applied to the crystal, the profile of the potential 
curve (Fig. 2e) will change and the number of dis- 
placements during the same period of time of 7, in 
the direction of application of the force (in the 
direction at right angles to that of the force, the 
profile of the potential curve remains unchanged) 


will increase by an amount 7, (1/r’— 1/r), where 
r’ is the time of settled life of a hole in the pres- 
ence of a stress field. This increase will have 
taken place on account of the energy in the stress 
field, and consequently, during the time 7, in a 
volume V of the specimen, the energy absorbed is 


Ac = qnT, (— V, (5) 


The average length of the settled life of a hole 
[15, 18] is 


(6) 


where 7, is a constant of the order of the period of 
natural atomic oscillations ( = 107° sec). 

In the presence of a stress field produced by a 
periodically applied force F, an oscillating atom 
acquires additional energy equal to % 0;Sa, where 
@; is the internal stress, S the effective cross- 
section per atom, and a the distance between two 
adjacent equilibrium positions. Reduction of the 
potential barrier u, will affect the length of settled 
life of a hole, so that it becomes 


Quy 6;Sa 
( OAT (7) 


Denoting by Q* the internal friction, equal to 
Ae 
27: 


(«. is the energy of elastic oscillations at the ini- 
tial moment), we obtain from formulae (3)-(7) 


(8) 


V (no + V non’ ) To 1) 


Taking into account the facts that 0;Sa/2kT <1, 
NSa = vg — volume per gramme atom, and v = 1/T,— 
frequency of specimen oscillations, the final ex- 
pression for internal friction has the form 


+ V non ) 9; Ua 


Anvipeg RT (9) 


where 
VO) 
7 
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In the above formula, the unknown quantities are 

q, 9; and u. As regards u, it can be assumed that it 
is equal to the energy of activation of self-diffusion 
[14]. 

We will apply formula (9) to an aluminium speci- 
men 300 mm long and 0.7 mm in diameter, oscillat- 
ing freely with a frequency v = 0.62 c/s. For alumin- 
ium, u = 2.3 x 107? erg or 33,000 cal/g-at [19] and 
Tt, = 1.25 x 107* sec [20]. The value of € is calcul- 
ated from the initial amplitude of oscillations of the 
specimen. Assuming that at high temperatures, e.g. 
480°, the value of Q~ (7), calculated from formula 
(9), agrees with the experimental value (less com- 
ponent III) and equals 425 x 10™, we obtain 


1.5-107'”. 


Consequently the internal friction of an aluminium 
specimen, due to migration of holes in the stress 


field, equals 


To this magnitude corresponds curve 5 in Fig. 1. 
As can be seen from the graph, with decreasing 
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temperature, curve 5 diverges markedly from curve 
4, determined from formula (1), and for that reason 
describes less accurately the part of the internal 
friction known as the “background” than the semi- 
empirical formula (1). 

A more satisfactory agreement between the theory 
developed here and experiment could hardly be ex- 
pected, since this theory is based on too simplified 
a mechanism of energy dissipation by migrating 
vacancies. Furthermore, nothing definite is known 
as yet about the value of q. Similarly, the exact 
value of the internal stresses, @;, is not known. 

At the present time attempts are being made to 
apply the dislocation theory to the explanation of 
the “background” of internal friction. It must be 
noted, however, that the theory proposed by 
Weertman [21] is only applicable to oscillations 
whose amplitude does not exceed 10-’ cm. In our ex- 
periments, the amplitude is of the order of 10~ cm. 
Of the high-temperature behaviour of dislocations 
even less is known today than of the behaviour of 
point defects. It is therefore very difficult to formul- 
ate at this stage a satisfactory dislocation theory 
for the dissipation of elastic energy at high temper- 
atures. Some considerations on this subject will be 
published in the near future. 

Translated internally 
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INVESTIGATION OF DEFORMATION OF METALS AT LOW STRESSES 
ll. INFLUENCE OF ADSORPTION-ACTIVE MEDIA ON CREEP OF COPPER AND ALUMINIUM* 
T.A. AMFITEATROVA and B.IA. IAMPOL’SKII 
M.V. Lomonosov Moscow State University 
(Received 29 January 1958) 


The results are given of a study of the phenomenon of adsorption facilitating deformation of copper 
and aluminium at low stresses in solutions of surface-active substances. The effects are shown of con- 
centration of the surface-active substance, magnitude of applied stress and strain of specimens, as well 


as fineness of their microstructure. 


1. Paper [1] presented the principal results of ex- 
perimental investigations of certain general charac- 
teristic features observed in the process of plastic 
flow in copper and aluminium wires at low stresses 
(creep); it dealt with the effects of fineness of 
microstructure of the metal, conditions of deforma- 
tion and temperature. In the present investigation, 
a study was made of the influence of external active 
media on the process of plastic deformation of cop- 
per and aluminium wires under different conditions. 

Studies by Rebinder, Likhtman and others [2,3] 
have established that the effect of external media 
on metals is not restricted to their chemical (cor- 
rosion) action; adsorption of surface-active sub- 
stances from the surrounding medium may also result 
in a substantial reduction of strength and facilit- 
ate the process of deformation of the metal. The 
phenomenon of strength reduction as a result of 
adsorption is due to the fact that substances being 
adsorbed, by lowering the surface energy of solid 
bodies, promote development in these bodies of 
various defects and bring about generation of 
plastic slips even at low stresses. 

2. The influence of surface-active media on 
metals undergoing deformation was studied by ob- 
serving the kinetrics of plastic deformation of cop- 
per and aluminium wires in solutions of different 
surface-active substances in a non-polar hydro- 
carbon medium. The specimens, prepared from 
copper wires with diameters of 0.50 and 2.0 mm and 
aluminium wires with diameters of 1.0 and 1.3 mn, 
were subjected to heat-treatment, as described in 
paper [1], to ensure a definite degree of micro- 
structure fineness, with an average grain size of 6. 


* Fiz. metal. metalloved., 7, No. 5, 782-789, 1959. 


To achieve a uniform degree of cold-working, before 
the flow curves were recorded, all specimens were 
initially extended by 3 per cent relative to their 
original length (specimen length / = 18 cm). The 
aluminium specimens were tested with the normal 
(atmospheric) oxide film on the metal surface, 
having a thickness of the order of some tens of A. 
The copper specimens were pickled with ammonium 
persulphate until bright surfaces were obtained*. 
The medium, viz. non-polar kerosene, was thoroughly 
purified, the degree of purification peing checked 
by measurements of surface tension (0 ~ 50erg/cm?). 
The surface-active substances employed included 
oleic acid (C,,H,;,;COOH) and alcohols: butanol 
(C,H,OH), hexanol (C,H,,0H), octanol (C,H,,OH) 
and cetyl alcohol (C,.H;;0H), as well as the OT 
compound (sodium dioctylsulphosuccinate). 

The experiments were made in solutions of 
surface-active substances of different concentra- 
tions and, for comparison purposes, in the non-polar 
solvent under the same conditions. 

The plastic-flow curves for the specimens were 
obtained under conditions of uni-axial extension, 
at different, but constant within each experiment, 
stresses, close to the yield points of the metals 
being deformed. The measurement technique and 
apparatus are described in detail in [1]. The spe- 
cimen, held in the extensometer chucks, was placed 
in a glass tube which was then filled a solution of 
a surface-active substance or with the non-polar 
medium, so that the whole working length of the 
specimen was submerged in liquid. 


* The problem of the effect on the adsorption pheno- 
menon of thickness and type of oxide film on the metal 
surface is a subject of a special investigation being 
carried out in our laboratory. 
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FIG. 1. Curves of kinetics of plastic flow (creep) of 
0.5mm diameter copper wire with average grain size 
of 0.08 mm in non-polar medium and hexanol 
solution (0.75 mole/1.). 


The magnitude of the phenomenon of facilitated 
deformation of the metals under investigation as a 
result of adsorption was assessed from the increase 
in the rate of plastic flow of specimens in an active 
medium, compared with that in a non-active one. The 
rate of plastic flow was determined at equal degrees 
of elongation of specimens, since the strength 
characteristics of metals depend very strongly on 
the extent of deformation [1]. 

Measurements made in alcohol solutions and in 
non-polar kerosene at concentrations of 0.050 mole / 
1. and higher have shown that the rate of plastic 
flow of both copper and aluminium specimens de- 
pends on the concentration of the surface-active 
substance in solution. Fig. 1 shows typical curves 
of the kinetics of plastic flow (creep) of 0.5 mm 
diameter copper wire (for a constant stress of 
P = 9.15 kg/mm?) in non-polar kerosene (lower 
curve) and a hexanol solution (0.75 mole/1l. — 
upper curve). 

It must be pointed out that no difference whatever 
could be detected between the rates of deformation 
of specimens, at the same stresses, in air and in 
the non-polar liquid. If the initial rate of plastic 
flow of metals in solutions of surface-active sub- 
stances is presented as a function of the logarithm 
of concentration of the active substance in solution, 
a sharply-pronounced relation is obtained, having 
a distinct maximum at a certain value of concent- 
ration. 

Fig. 2 shows this relation for alcohols. The 
value of the optimum concentration, giving a maxi- 
mum effect, decreases with increasing molecular 
weight of alcohols and amounts to 2.25mole/1. 


Vass 0’sec™ OH 


FIG. 2. Relation between initial rate of plastic flow 
vo of copper specimens and concentration of solu- 
tions of surface-active substances: 
butanol, hexanol, octanol and cetyl alcohol in 
non-polar kerosene. 


for butanol, 0.75 mole/1. for hexanol, 0.30mole/1. 
for actanol and 0.02 mole/1. for cetyl alcohol. In 
other words, the activity of alcohols increases with 
increasing molecular weight, which is in agree- 
ment with Traube’s rule, although the coefficient 
of increase of surface activity upon increase of the 
hydrocarbon chain by one CH, group is different 
from the coefficient found by Traube (3.0-3.5), and 
in our case equals ].4-1.7. 

From the curves of the kinetics of plastic deform- 
ation, the rates of plastic flow, v, were calculated 
for specimens in non-polar kerosene and in solu- 
tions of surface-active substances with optimum 
concentrations at equal degrees of deformation e. 
The rate of flow during the initial period of plastic 
deformation drops sharply because of cold-working, 
and for this reason it is more convenient to present 
the curve of the rate variation during deformation 
on a semilogarithmic scale. Curves of this type, 
obtained during extension of copper wire in non- 
polar kerosene and an octanol solution (0.3 mole/1.), 
are shown in Fig. 3. 

In all cases of plastic deformation of metals, both 
in non-polar kerosene and in solutions of surface- 
active substances, the rates of plastic flow rapidly 
decrease with increasing deformation. Using the 
expression log v = f (c), it is possible to determine 
the relation between the ratio of the rates of metal 
flow in active and non-active media, and the degree 
of deformation, i.e. a function of the type 


log (v,/v) = Ff (e), 


where vg is the rate of flow in an active medium 
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FIG. 3. Variation of rate of viscous flow of copper 
specimens during extension in non-polar medium 
(o) and in octanol solution of 0.3 mole/I. (e). 


FIG. 4. Relation between relative rate of viscous flow 
of copper specimens and value of strain €: 
1 — in butanol solution (2.7 mole/I.); 
2 — in hexanol solution (0.75 mole/I.); 
3 — in octanol solution (0.30 mole/1.); 
4 — in cetyl alcohol solution (0.02 mole/I.). 


TABLE 1. Copper, P = 9.15 kg/mm?; 5 = 0.080 mm; t= 20°C 


Non-polar kerosene 


Cetyl alcohol (0.02 mole/1.) 
Oleic acid (0.02 mole/1.) 
Na dioctylsulphosuccinate (0.01 mole/1.) 


and v the rate of flow in a non-active medium. 

The curves of log (v,/v) = F (€) presented in 
Fig. 4 show that the maximum difference between 
the rates of plastic flow of copper specimens in 
active and non-active media occurs at a certain 
value of strain (0.50-0.60 per cent), which remains 
practically constant not only for all alcohols but 
also for other surface-active substances. 

Measurements in solutions of oleic acid and 
sodium dioctylsulphosuccinate (OT) have also de- 
monstrated the effect of surface-active substances 
on the rate of flow of copper and aluminium speci- 
mens. The greatest acceleration of metal flow 
occurred at concentrations of 0.02 mole/1. of oleic 
acid and approximately 0.01 mole/l. of OT solution. 
Again, as in the case of alcohols, the curve of 
log (v/v) =F (c) has a maximum, showing that the 


greatest difference between the rates of metal flow 
occurs at a certain value of strain (about 0.5 per 
cent for copper), which is the same for many 
surface-active substances. The increase in the rate 
of flow of specimens at the given value of stress 

in the case of deformation in a surface-active 
medium is a consequence of reduction of the creep 
strength and variation of other mechanical proper- 
ties of the metal being investigated. 

On the basis of the general considerations of the 
nature of the metallic creep process, expounded by 
Likhtman [4], the values of the creep strength po, 
initial rate of plastic flow vo, viscosity 7 and 
coefficient of hardening A were calculated from the 
flow curves. 

The values of these quantities for copper, for the 
case of deformation in a non-polar medium and in 
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FIG. 5. Relation between magnitude of adsorption pheomenon of 
facilitated deformation of metal and acting stress. Copper in 
cetyl alcohol solution (0.02 mole/I.). 


solutions of surface-active substances at optimum 
concentrations, are quoted in Table 1. 

It will be seen from Table 1 that deformation in 
an active medium is accompanied by a reduction 
of the creep strength and metal viscosity, and a 
slight decrease of the coefficient of hardening. 

The change of the mechanical properties of 
metals in the presence of substances being adsorb- 
ed is due to the fact that adsorption films promote 
the development of those surface defects which, 
under normal conditions, do not attain a size ne- 
cessary for the formation of plastic slips. This 
circumstance leads to an increase in the number of 
slips per unit length of the specimen of a poly- 
crystalline metal, which, in turn, is accompanied 
by a reduction of the overall viscosity of the spe- 
cimen. At the same time, a certain reduction of the 
coefficient of hardening may be expected, since an 
increase in the number of slips leads to a reduction 
of the size of each slip at a given degree of elon- 
gation. This last circumstance causes a reduction 
of crystal lattice damage along the sliding planes, 
thereby reducing the degree of hardening of the 
specimen. 

As indicated above, the maximum extent of the 
adsorption phenomenon of reduction of strength of 
metals occurs at a definite value of deformation, 
which is practically identical for different surface- 
active substances. This maximum corresponds to 
the development of the maximum number of micro- 
defects in the specimen under the action of adsorp- 
tion films of surface-active substances and a snow- 
ball growth of deformation in the specimens at this 
particular value of stress. In specimens deformed 
in a non-polar medium, no such snow-ball growth 
of deformation takes place. At higher specimen 
strains, this difference between the rates is less 
pronounced because of the development of harden- 
ing in both cases. 


The fact that the maximum of the adsorption 
phenomenon with different surface-active substances 
occurs at the same value of metallic strain points 
to a single mechanism of action of adsorption films 
of different surface-active substances. 

Experiments carried out with aluminium specimens 
have also demonstrated an acceleration of plastic 
flow of aluminium in solutions of surface-active 
substances, which depends on their concentration. 
For example, for cetyl alcohol solutions, the great- 
est adsorption effect was observed at an alcohol 
concentration of 0.02 mole/l. The ratio of the rates 
of flow of aluminium in active and non-active media 
also depends on the value of strain of the specimen. 
The maximum increase in the rate of flow of alumi- 
nium in an active medium was observed at a strain 
of about 0.9 per cent, compared with a strain of 
about 0.5 per cent for copper. This indicates that 
the extent of the adsorption phenomenon depends 
on the nature of the metal and, in particular, that the 
most extensive development of defects in aluminium 
under the influence of surface-active media apparent- 
ly takes place at a higher value of strain than for 
copper. However, the optimum concentrations of 
solutions of different surface-active substances are 
approximately the same for both copper and alumi- 
nium; thus, it is possible to conclude that the me- 
chanism of action of active media on different 
metals is identical in character. 

3. The effectiveness of action of surface-active 
substances on the process of plastic flow of metals 
depends on the stress causing the deformation of 
the specimen. The magnitude of the stress deter- 
mines the rate of deformation and, consequently, 
the intensity of the work-hardening process due to 
internal comminution of the granular structure of 
the metal. On the rate of deformation depends the 
kinetics of defect development both on the surface 
and inside the metal, which becomes a decisive 
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FIG. 6. Relation between adsorption phenomenon (relative increase of 
rate of plastic flow of copper specimens) and value of ratio of average 
grain size and specimen diameter: 

o — D = 2.0 mm; 

e —D = 0.50 mm. 


factor in determining the magnitude of the adsorp- 
tion phenomenon. 

The effect of acting stress on the magnitude of 
the phenomenon was studied on copper specimens 
deformed in solutions of cetyl alcohol and acid at 
optimum concentrations. Fig. 5 shows the relation 
between the adsorption phenomenon and stress. As 
in the preceding experiments, the magnitude of the 
phenomenon was determined from the difference 
between the rates of plastic flow of metals in active 
and non-active media, for equal degrees of exten- 
sion, at stresses which were kept constant during 
each experiment. 

The results obtained show that the greatest effect 
occurs within a certain range of stress and dimin- 
ishes on either side of that range. The effect is 
greatest when straining makes the metal most sus- 
ceptible to the action of the adsorption medium. An 
indispensable condition of this is an optimum rate 
of development of a network of defects penetrating 
into the metal. 

At low rates of deformation, the defects are in- 
sufficiently developed, which explains the limited 
extent of the phenomenon at these rates. 

At higher rates of extension, the displacement 
mechanism of deformation along the principal slip 
system is distributed, and a number of slip systems 
enter the field simultaneously, resulting in sub- 
stantial hardening. In addition, in consequence of 
a high rate of deformation, adsorption layers may 
not succeed in covering the freshly forming sur- 
faces, which can also lead to a sharp reduction or 
even complete disappearance of the adsorption 
phenomenon. It follows from this that the magnitude 
of the adsorption phenomenon facilitating deforma- 
tion of metals depends on the conditions of deform- 
ation and can only be detected within a certain, 
although fairly wide, region of some medium, opti- 
mu stresses [5]. 


4. Paper [1] gave some quantitative data on the 
relation between the mechanical properties of metals 
and the fineness of microstructure of the latter. A 
study was also made of the effect of microstructure 
fineness on the magnitude of the adsorption phe- 
nomenon. The experiments were made on specimens 
of copper and aluminium wires with diameters of 
between 0.5 and 2.0 mm. By appropriate heat- 
treatment [1], specimens were prepared with differ- 
ent grain size — from 0.005 to 0.1 mm. The speci- 
mens were tested in tension in non-polar kerosene 
and in cetyl alcohol solutions (at an optimum con- 
centration of 0.02 mole/l.). 

It was established that the magnitude of the 
adsorption phenomenon, facilitating plastic flow of 
copper and aluminium specimens, depends very 


strongly on the microstructure fineness of the metals. 


In fine-grained specimens, this phenomenon cannot 
be detected; it becomes noticeable when the aver- 
age grain size represents some 4 per cent of the 
specimen diameter. Subsequently, this phenomenon 
increases with increasing grain size, reaching a 
maximum when the average grain size amounts to 
about 20-25 per cent of the specimen diameter. Thus, 
with a copper wire of 0.5 mm diameter, the pheno- 
menon does not become measurable until the grain 
size reaches 0.020 mm; it then gradually increases 
and reaches a maximum at a grain size of 0.080 mm, 
after which it remains practically constant. With a 
2.0 mm diameter wire, the adsorption phenomenon 
appears in specimens with grains of 0.080 mm and 
subsequently increases as grain size increases to 
0.20 mm. A similar relation was also obtained for 
aluminium specimens. 

Fig. 6 shows the relation between the magnitude 
of the adsorption phenomenon of facilitated deform- 
ation of copper specimens, expressed as the 
logarithm of the ratio of the rates of plastic flow of 
metal in an active medium, vg, and in the non-polar 


Creep of copper and aluminium 


solvent, v, plotted against a non-dimensional para- 
meter 8 = 5/D (6 —average grain size, D — speci- 
men diameter). 

This relation between the magnitude of the phe- 
nomenon and fineness of the metal microstructure 
can be explained as follows: surface-active sub- 
stances penetrate grains (located on the surface) 
through defects developing during deformation (in 
the process of plastic flow) and extending to the 
specimen surface, which of course results in easier 
deformation of these grains. Penetration of the 
intergranular layer by these substances, however, 
if it takes place at all, is probably very slow, so 
that during the time of an experiment their mole- 
cules cannot succeed in reaching grains located 
within the specimen, at some distance from the 
outer surface. Obviously, the larger the grain size, 
the greater is the part of the specimen cross- 
sectional area occupied by grains extending to the 
surface, the deeper is the penetration of the speci- 
men by microfissures developing from the surface, 
and the greater is the extent to which the adsorp- 
tion phenomenon in the surface grains facilitates 
deformation of the specimen as a whole. 

In fine-grained specimens, the adsorption pheno- 
menon occurring in grains located on the surface is 
blocked by the intergranular layer and inner grains 
which are not penetrated by the surface-active 
molecules. 

In this case, the adsorption phenomenon, even 
when sufficiently pronounced in individual grains, 
does not affect plastic flow of the whole of the 
metal, or does so to a quite insignificant extent. 

The authors express their gratitude to Academi- 
cian P.A. Rebinder and V.I. Likhtman for valuable 
advice during the carrying out of this investigation. 


CONCLUSIONS 


1. An investigation was carried out of the ad- 
sorption phenomenon of facilitated deformation of 
polycrystalline copper and aluminium wires in uni- 
axial extension at low stresses (under creep condi- 
tions) in solutions of surface-active substances. It 
was established that the magnitude of the pheno- 
menon depends strongly on the concentration of the 
surface-active substance. 

2. The value of the optimum concentration of 
surface-active substances, corresponding to the 
maximum adsorption effect, decreases with increas- 
ing molecular weight of the substances, in agree- 
ment with the familiar Traube’s rule, but with a 
smaller coefficient — of the order of 1.5. On deform- 
ation of specimens in active media (under optimum 
conditions), the fatigue strength decreases by 
14-16 per cent, the coefficient of hardening by 
10-12 per cent, and viscosity by a factor of about 
two. 

3. The magnitude of the adsorption phenomenon 
depends on the degree of deformation of the metal. 
The maximum extent of the phenomenon was noted 
at a strain of the order of 0.5 per cent for copper 
and | per cent for aluminium specimens. 

4. The magnitude of the phenomenon depends 
also on the acting stress and the fineness of 
microstructure of the metal. 


Translated internally 
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The relation between many properties of metals, 
whether mechanical, electrical or magnetic, and de- 
formation has already been investigated to a greater 
or lesser extent. At the present time, however, it is 
still impossible to calculate any of the effects in- 
duced by deformation, from the experimental data for 
other phenomena. An exception is provided by the 
phenomena occurring during elastic deformation, 
since these, on the strength of reversibility, lend 


themselves to thermodynamic calculations. 
It seems obvious (this idea was already proposed 


earlier [1]) that a change in the properties of metals 
during deformation is caused by a change in their 
internal energy. In order to be able to utilize this 
point of view, it is necessary to possess data 
obtained in measurements of the energy absorbed by 
metals during their deformation, both the type and 
conditions of deformation being the same for all the 
phenomena to be compared. 

The object of the present investigation was to 
measure the energy absorbed by metals during de- 
formation in extension. 

Absorbed energy was measured as the difference 
between the work expended on deformation and the 
heat generated during this process. Measurements 
were made on cable copper, and pure silver and 
cadmium. 

The copper specimens were /, = 92.2 mm long and 
d, = 1.314 mm thick, cadmium specimens — 100 mm 
long and 1.641 mm thick, and silver specimens — 
100 mm long and 1.409 mm thick. Before the experi- 
ments, the copper specimens were annealed in a 
vacuum at 400° for 3 hr, cadmium specimens in 
water at 100° for 3 hr and 40 min, and silver speci- 
mens in air at 400° for 3 hr. The specimens were 
tested in tension at a constant rate on a specially- 
designed machine with automatic recording on a 
large scale of a diagram in the co-ordinates of 
elongation vs. load [2]. The rate of deformation in 
the experiments was 0.8 mm/sec. The accuracy of 
diagram recording was + 0.5 per cent. 


* Fiz. metal. metalloved., 7, No. 5, 790-793, 1959. 


During deformation, which was practically 
inertia-free, the specimen temperature was recorded 
as a function of time, lepec = f (t), by means of a 
type EPP-09 valve potentiometer, specially modi- 
fied for this purpose. The potentiometer was provid- 
ed with an electromagnetic device registering the 
moments of the beginning and stopping of rotation 
of the machine screw. As the rate of deformation 
was constant, the curve of T,,¢, = f (t) obtained 
from the records of the beginning and end of de- 
formation, could readily be converted to a curve of 
T spec = fi (Al) by altering the scale. 

The specimen temperature was measured with a 
copper-constantan thermocouple, one junction of 
which was soldered to the middle of the specimen, 
while the other two were in the air near the speci- 
men. During each experiment, the specimen with 
the thermocouple were covered with a paper hood 
for protection against air currents in the room. 

The diagram of the potentiometer with the measur- 
ing thermocouple 7 is shown in Fig. 1. 


FIG. 1. Diagram of potentiometer circuit with 
measuring thermocouple. 


The measuring circuit consists of a bridge, three 
arms of which are formed by resistances R, R,, and 
Ry, and the fourth by a rheochord R and a ballast 


resistance R,. Voltage from a current source E, is 


136 
VO: 
19 
p 
A 
Rm Ri 
E; R, 
| 
RR’ R* Rq 


Absorption of energy by metals 


Time t 


FIG. 2. Typical temperature curves. 


applied to the bridge arms CD and is adjusted to 
the voltage in the standard element by means of a 
resistance R,, The thermocouple e.m.f. is applied 
to the bridge A and B. 

When the bridge is out of balance, a current flows 
in the thermocouple circuit, which is transformed in 
a vibrotransformer 1] thermocouple circuit, which is 
into a sinusoidal one with frequency of 50 c/s, 
and boosted with an amplifier 2. The amplified 
current is supplied to a reversible asynchronous 
motor 3 which moves the rheochord contact roller, 
together with a pen attached to it, in the appropri- 
ate direction until the system reaches equilibrium. 

The potentiometer accuracy was within 0.5 per 
cent. The bridge circuit included the resistances 
Rgp, R aux and R”,yx- In this arrangement, the 
sensitivity of the potentiometer was equal to 
0.0266 deg/cmm. Before the experiments, the 
potentiometer was calibrated against a Beckmann 
thermometer with an accuracy to 0.01°C. 

In view of the considerable length of the speci- 
men and the fact that it was gripped between car- 
bolite resin plates, the heat transfer from the 
central portion of the specimen to the chucks was 
insignificant. The amount of heat given up by the 
specimen was proportional to the temperature dif- 
ference between the specimen and the surrounding 
atmosphere. For this reason, to reduce the heat 
yield, deformation was performed in several stages, 
so that heating in one stage did not exceed about 
2-3°C. 

The work of deformation is partly absorbed by the 
specimen in the form of lattice distortion energy, 
partly stored by it in a reversible manner in the 
form of elastic deformation energy and partly yield- 
ed in the form of heat. The heating of the specimen 
during deformation, however, is a result of two 
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FIG. 3. Curve of adiabatic cooling of copper during 
extension. 


thermal processes, namely: evolution of heat during 
plastic flow and adiabatic cooling during elastic 
extension. Consequently, the energy absorbed by 
the specimen can be found from the equation 


¥24—U—C. + AT, + AT 


where A — work of deformation; U — energy of 
elastic deformation; C and m — specimen heat 
capacity and mass, respectively; A7 — temperature 
rise registered by the potentiometer; A7,, — adia- 
batic cooling of the specimen; A7T¢Q ~— drop in spe- 
cimen temperature, due to heat yield. 

The method of experimental determination of each 
term in the above equation will now be described. 

The work of deformation, A, was obtained by 
graphic integration of the extension diagram record- 


ed by the machine. 
The energy of elastic deformation was calculated 


from the formula 


where V is the specimen volume. AT was deter- 
mined by direct measurement of the appropriate 
ordinate on the potentiometer diagram (to scale). 
The diagram had a form as shown in Fig. 2. 
Point a corresponds to the beginning of deformation. 
During the first instant, in the section ab, cooling 
due to adiabatic extension is greater than heat 
evolution, and the specimen loses heat. Point c 
corresponds to the end of deformation. During 
fracture of the specimen (point d in Fig. 2b), there 
is an almost instantaneous temperature rise of the 
specimen during the reduction in cross-sectional 
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FIG. 4. Curves of energy absorption vs. strain 


area, occurring over a time equal to the neck life, 
which is recorded in the form of the peak de. 

The specimen temperature drop, A7'9, due to 
heat yield, was determined by the method described 
by Bol’shanina [3]. 

The cooling of the specimen during elastic ex- 
tension was determined in a special experiment 
under conditions as close as possible to the condi- 
tions of the main test. As an example, Fig. 3 shows 
a curve of adiabatic cooling of copper during ex- 
tension. Similar curves were obtained for silver and 
cadmium. 

The fairly considerable scatter of the experiment- 
al points is due to the fact that the phenomenon is 
weak and its measurement presents experimental 
difficulties because the phenomenon depends on the 
amount of work performed by the specimen during 
the experiment on account of its internal energy. 
However, the effect of this phenomenon sharply in- 
creases at low deformations. For this reason, a 
more detailed study of this problem is of undoubted 
interest. 

The results of measurements of energy absorbed 
are presented in Fig. 4. On this diagram, the axis 
of abscissae represents deformation, in per cent, 
and the axis of ordinates the energy absorbed, in 
cal/g. The maximum value of the energy absorbed 
for copper was found to equal 0.35 cal/g (at «=37 
per cent). Kunin and Senilov [4] found that the 
value of energy absorbed corresponding to a com- 


pressive strain of the same magnitude was 0.3 cal/g. 


The maximum value of absorbed energy obtained by 
Bonnenkamp, Lukke and Masing [6] during exten- 
sion of copper wire was 0.3 cal/g. 

Bearing in mind the individualities of each of the 
above investigations, as well as their accuracy, the 
results obtained in them can be considered to show 
a good agreement. 

Fig. 5 shows the ratio, in per cent, of the energy 
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FIG. 5. Ratio of energy absorbed to work expended 
on deformation, plotted against strain. 


absorbed to the work expended on deformation. It 
can be seen from the graph that, in the initial stages 
of deformation, the energy absorbed represents a 
very high proportion of the work expended. A simi- 
lar result was obtained by Khotkevich and others 

[5] for the case of low-temperature lateral compres- 
sive strain of lead and cadmium. 

At higher values of ¢, the proportion of the energy 
absorbed in extension is higher than in other types 
of deformation [4, 5]. 

This can be explained by the fact that friction 
forces play no part in extension and, consequently, 
the work expended on deformation is less. It follows 
that, with the same absolute value of the energy 
absorbed, it will represent a higher proportion of 
the work expended. 


CONCLUSIONS 


1. At equal strains, the value of the energy 
absorbed in extension of copper, silver and cad- 
mium specimens is of the same order as in compres- 
sion. 

2. Since, in extension, friction in the machine 
chucks and consequent heat evolution are absent, 
the work of deformation per gramme of metal in ex- 
tension is less than in compression. For this 
reason, the energy absorbed in proportion to the 
work expended W, is, for equal strains, greater in 
extension than in compression. 

3. In the initial stages of deformation, the amount 
of energy absorbed is very high in relation to the 
work of deformation, so that a greater part of the 
work of deformation goes to increase the internal 
energy of the metal; however, with increasing 
strain, the value of W, decreases, at first rapidly 
and then more slowly. 

4. Before fracture, saturation, as it were, of the 
specimen with energy takes place, manifesting 
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metal takes place. For the metals investigated, the 
maximum cooling (on stress increase from 0 to 
Omax) was found to equal 0.3-0.4°C. 


itself in the ends of the curves of absorbed energy 
vs. strain being turned in the direction of greater 
strains. This phenomenon is due to the fact that 
during this period absorption of energy takes place 
principally in the zone of the growing neck. 

5. During elastic adiabatic extension, cooling of 
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Plastic deformation of metals at low temperatures 
has been the subject of a number of investigations 
[1-5]. However, the great majority of them were 
carried out at temperatures not lower than the tempera- 
ture of liquid nitrogen. Investigations at the temper- 
atures of liquid hydrogen and helium are very rare 
because of the considerable experimental difficult- 
ies involved. 

At the same time, information on the processes 
of plastic deformation at temperatures close to 
absolute zero is of major interest for the formula- 
tion of correct views on the physical mechanism of 
plastic deformation and the development of general 
theories on the nature of plasticity and strength. 
Reliable data on the mechanical properties of solid 
bodies at low temperatures can also be important 
from the practical point of view. 

The present investigation was undertaken with 
the object of studying the nature of plastic deform- 
ation of polycrystalline aluminium at very low 
temperatures. 


SPECIMEN PREPARATION AND 
EXPERIMENTAL PROCEDURE 


The investigation was made with pure aluminium 
(99.994% Al) and commercial aluminium containing 
up to 1 per cent of impurities (Si, Mn and Fe). The 
specimens were in the shape of rods 2.5 x 2.5 mm 
in section, with a test length of 17 mm and widened 
ends for clamping in the chucks of the testing 
machine. After grinding and polishing, all specimens 
were annealed in a vacuum for | hr at 300°. The 
average linear grain size in pure aluminium was 
1.0-1.5 mm, and in commercial aluminium 0.3-0.5 mm. 

Deformation was performed in a vertical-type 
tensile testing machine with mechanical loading 
[6], having a special device for work at low temper- 
atures. Tensile fracture tests were made at tem- 


peratures of 293, 77, 20, 4.2, 2.06 and 1.4°K. 


* Fiz. metal. metalloved., 7, No. 5, 794-800, 1959. 


Unlike the machines used earlier [2, 5, 7], this 
instrument enables extension (and compression) of 
specimens to be carried out in both liquid hydrogen 
and liquid helium at 4.2°K or below. Temperatures 
below 4.2°K were obtained by helium evacuation. 
The diagram of the instrument is shown in Fig. 1. 

The upper end of the specimen 8 is clamped in a 
chuck which is joined to a hollow cylindrical dyna- 
mometer 2] via a pull rod 7. Within the dynamometer 
passes a rod 22, which is attached to the dynamo- 
meter in the lower part of the latter and carries the 
pivots of the dynamometer mirror 19 and the de- 
formation mirror 20. 

The lower specimen chuck is attached through 
a pull rod 9, by means of a tightening nut J0, to the 
inside of a fixed tube which has a widened section 
17 with a flange at the top. Arubber seal /8 ensures 
air tightness of the working chamber; by assembling 
the flanges so that they rest on one another, de- 
formation of the rubber during load application is 
prevented. The dynamometer rod is vacuum sealed 
with a bellows diagram. Self-centring of specimens 
is achieved by connecting the rods and nuts on 
hemispherical surfaces. To reduce the rate of eva- 
poration of liquid hydrogen and helium, the connect- 
ing parts were made of steel EyalT (titanium-stabi- 
lized 18/8 type stainless — Transl.), which has a 
very low thermal conductivity. 

A glass jar 12 is connected by means of a rubber 
sleeve 13 to a metal cover 15 containing a stop 
ring 4 and a wooden ring 5. The cover has a rubber 
seal 16 and is bolted to a small flange of the pipe 
17. A nipple 14 is used for evacuating the jar or for 
connecting it to a gas cylinder. Filling of the jar 
with liquid hydrogen or helium is accomplished 
through the filler 3. 

When working with liquid helium, the system of 
rods together with the jar 12 is cooled with liquid 
nitrogen in a jar 1] mounted on a vertical stand by 
means of a bracket 6. 

After cooling the specimen to the required tem- 
perature, extension of the specimen is carried out 
by switching on a worm gear drive 2 and a copying 


140 
vol 
7 
195 


Plastic properties of aluminium 


7—< 


FIG. 1. Diagram of tensile fracture testing machine with special 
equipment for testing metals at very low temperatures. 


device J. The extension diagram of P vs. Al is 
photographically recorded on a plate 23 with the 
aid of an optical system. 

The machine possesses a high rigidity and a low 
inertia. 

The machine is provided with a device permitting 
continuous photographic recording of the extension 
diagram in the co-ordinates of load vs. elongation. 


RESULTS OF EXPERIMENTS AND DISCUSSION 


Study of the macro- and microstructures of fractur- 
ed specimens has shown that the nature of plastic 
deformation of aluminium changes substantially on 
transition from a temperature of 20 to 4.2°K or low- 


er. 
During extension in liquid hydrogen, a dense 
network of fine straight slip traces develops in the 
grains. In some grains in addition to the fine slip 
traces, there appear strain bands with a thickness 


of 10 
The relatively uniform distribution of the slip 


traces in aluminium grains indicates the pressure 
of the slip mechanism of plastic deformation, as is 
usual also at higher temperatures [8]. At the same 
time, the formation of a block structure is observ- 
ed: grains, with an initial size of 1-15 mm, break up 
into blocks of 100-300 size. Disorientation of 
these blocks increases with continuing plastic de- 
formation, which is clearly indicated by the increase 
in the angle between the slip bands in two adjacent 
blocks. A particularly strong comminution of blocks 
and their disorientation occur near the fracture zone 


(in the neck). 
Deformation in liquid helium (4.2°K) and at lower 


temperatures is characterized by the presence of an 
even denser network of fine slip bands. However, 
the principal feature in this case is an increased 
degree of deformation non-uniformity, manifesting 
itself in the formation of large, elongated areas, at 
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FIG. 2. Microstructure of aluminium specimen (99.994%) FIG. 3. Microstructure of aluminium specimen 
fractured at 20°K: (99.994%) fractured at 4.2°K; x 50. 
a — fragment of longitudinal section near specimen 
head; 
b, c — fragment of section taken near fracture zone; 
x 50. 


FIG. 4. Microstructure of aluminium specimens (99.994%) fractured at 20°K (a) and 4.2°K (6); x 3.3. 
Initial grain size 1.0-1.5 mm. Block size: 100-300p at 20°K, up to 3 mm at 4.2°K. 
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FIG. 5. Machine diagrams of extension of commercial- 
aluminium specimens with a diameter of 3mm (anneal- 
ing for lhr at 300°, grain size of 0.3 mm) at tempera- 
tures of: 

1 — 4.2°K; 

2 — 20K; 

3 — 77K. 


an angle of about 45° to the direction of extension, 
the size of which is greater than the initial alumin- 
ium grain size. It is characteristic that deformation 
is concentrated principally not in the slip traces, 
but on the boundaries of these large blocks (Figs. 
2-4). 

Deformation of specimens at 4.2°K or below is 
accompanied by distinct crackling similar to that 
observed during mechanical twinning. On the load- 
elongation diagram, this crackling manifests itself 
in the discontinuities of the deformation curve. This 
phenomenon was first noted in a paper by Stepanov, 
reporting on an investigation of the mechanical pro- 
perties of metals at the temperatures of liquid 
helium in 1956. The unsteady plastic flow of speci- 
mens at these temperatures is characterized by a 
momentary drop in strength in some zone of the 
specimen, followed by the resistance to deformation 
being restored to its former value, attained by the 
material before the beginning of discontinuous flow. 
The type of this discontinuity, its beginning and 
extent at 4.2°K are slightly different for commercial 
and pure aluminiums. 

Discontinuous flow of specimens of commercial 
aluminium already begins on the ascending part of 
the curve at a residual deformation of 8-9 per cent. 
The feature of the first load breaks is the presence 
of relatively long sections of continuous flow, 
whereas the subsequent breaks follow immediately 
one after another until the specimen fractures (Fig. 
5). The length of the continuous-flow sections at 
the beginning of discontinuous flow of the specimen 
attains 0.2-0.3 mm. The value of residual deforma- 
tion corresponding to a single break on the P — Al 
curve increases with increasing overall specimen 
elongation: it amounts to 15-30p at the beginning, 


Jj 


Load P, kg 


ao 
Elongation /, mm 


FIG. 6. Machine diagrams of extension of flat pure- 
aluminium specimens 2.5 x 2.5 mm in section aioe 
ing for 1 hr at 300°, grain size of 1-1.5 mm) at tem- 
peratures of: 

1 — 1.4°K; 

2 — 2.06°K; 

3 — 4.2°K; 

4 — 20°K. 


and 100-120 yu before specimen fracture. The part 
of residual deformation corresponding to disconti- 
nuous flow represents 20-25 per cent of the total 

plastic deformation. 

Discontinuity of plastic flow of pure aluminium 
specimens at 4.2°K occurs immediately before 
fracture, after a residual deformation of 40-45 per 
cent (Fig. 6). In addition, in pure aluminium even 
at 2.06°K, the continuous flow sections are missing 
and only appear at an even lower temperature (1.4°K). 

The part of residual deformation produced by 
discontinuous flow increases with decreasing tem- 
perature (for pure aluminium — 4.5 per cent at 
2.06°K and 13-14 per cent at 1.4°K). 

Lowering the temperature results in more sharply 
pronounced discontinuity of specimen flow: the 
length of the steady-deformation section, preceding 
unsteady flow, decreases; there appear sections of 
steady flow after the first load jumps, and the dif- 
ferences in the type of discontinuous flow in pure 
and commercial aluminium become smaller. 

It is characteristic that the value of stress at 
which discontinuous flow of specimens begins is 
independent of prior mechanical and heat treatments 
of a material. In Fig. 7 are shown three machine 
extension diagrams of commercial aluminium speci- 
mens at 4.2°K, which underwent different treatments 
before testing. It is found that discontinuous flow 
of specimens which underwent prior plastic deforma- 
tion at room temperature occurs at an earlier stage 
of deformation. 

The stresses corresponding to the beginning of 
discontinuous flow are the same in all cases (see 
Fig. 7) and equal 30-32 kg/mm?. In pure aluminium, 
the stresses corresponding to the beginning of 
unsteady flow at 4.2°K equal 23-24 kg/mm?. 
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FIG. 7. Machine diagrams of extension of commercial- 
aluminium specimens at 4.2°K after: 
1 — 57 per cent reduction at room temperature and 
annealing for 2 hr at 350°; 
2 — annealing for 1 hr at 300°; 
3 — 90 per cent reduction by forging at room 
temperature. 


FIG. 9. Photomicrograph of polished surface of pure- 
aluminium specimen deformed at 1.4°K. Inflexion of 
scratch mark (wide band) can be seen on the 
boundary of coarse blocks; x 90. 


It may be noted that we studied also the compres- 
sion diagrams of aluminium specimens. In this 
case again, at 4.2°K, a section of unsteady flow of 
material is to be found. This indicates that the 
presence of sections of unsteady flow can properly 
be ascribed to the process of plastic deformation 
of the material, and is not due to any particular 
type of specimen loading. 

Finally, reducing the rate of deformation by a 
factor of 75 (0.0004 mm/sec) does not affect the 
type of the deformation curve either. 

One of the possible causes of discontinuous 
deformation of aluminium at very low temperatures 
may be the formation of mechanical twins, which 
can be observed quite clearly in specimens deform- 


ed at 1.4°K (Fig. 8)*. It will be noted, however, 


* Twin formation was also observed in copper after 
deformation in liquid helium [9}. 


FIG. 8. Microinterference pattern on polisned surface 
of pure-aluminium specimen deformed at 1.4°K. 
Interference bands show inflexion on 
boundaries of wedge-shaped twin crystals; 

x 800. 


FIG. 10. Inflexion of interference bands on boundary 
between coarse blocks of pure-aluminium specimen. 
Deformation at 1.4°K; x 800. 


that in this case it is necessary to postulate the 
presence of some systems of twin layers or twinning 
of volumes comparable to the grain volume in order 
to explain so great a part of twinning in the total 
specimen deformation. 

Of special interest is the break in the scratch 
mark (Fig. 9) on the straight boundary between the 
large blocks (see Fig. 3) forming in pure-alumin- 
ium after deformation at 4.2°K or below. A break in 
the interference bands also occurs on these bound- 
aries (Fig. 10). The photomicrographs shown in 
Fig. 9 and 10 are typical for the case of mechanic- 
al twin formation. It is possible that the formation 
of large blocks, with dimensions exceeding those 
of the original grains, is associated with repeated 
mechanical twinning embracing a substantial volume 
of the starting material. 

Fig. 11 shows graphs of the temperature depend- 
ence of the mechanical properties of aluminium in 
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FIG. 11. Relation between mechanical properties of aluminium and temperature 
in the range of 1.4-293°K: 
a — for pure aluminium; 
b — for commercial aluminium. 


the range of 1.4-293°K. 

Attention is attracted particularly by the similar 
character of the variation in these properties for 
pure and commercial aluminiums. As can be seen 
from Fig. 11, the yield point is practically inde- 


pendent of temperature and only slightly increases 
at temperatures below 20°K. The temperature de- 
pendence of the tensile strength of commercial 
aluminium is such more strongly pronounced than 
that of pure aluminium. 

There is maximum on the curves of specific 
permanent elongation, 6, in the range of 20-4.2°K, 
i.e. where necking of specimen is first observed. 
It can be assumed that reduction of the overall 
ductility of aluminium at 4.2°K and below is due to 
the discontinuous nature of plastic deformation. 

The other ductility characteristic — reduction of 
area, W — steadily decreases with decreasing 
temperature. 

The shaded squares (indicated with arrows) re- 
present the values of the true stress at fracture. 
At 4.2°K, the true strengths of the specimens of 
pure and commercial aluminiums differ little from 
one another (52 and 61 kg/mm’). 

A comparison of the extension curves of speci- 
mens of commercial aluminium (see curves 2 and 3 
in Fig. 7) leads to the conclusion that neither the 
tensile strength nor percentage elongation at 4.2°K 
are sensitive to the value of prior cold work at 
room temperature. Prior cold work substantially 
increases the yield point at low temperatures. 


CONCLUSIONS 


1. It has been established that there is a sharp 
change in the macro- and microscopical character 
of plastic deformation of pure aluminium specimens, 
in the case of extension, on transition from 20 to 
4.2°K and below. 

Lowering the test temperature results in inten- 
sification of the heterogeneity of plastic deforma- 
tion — formation of large blocks with dimensions 
greater than those of the metal grains. 

2. Plastic deformation of aluminium at 4.2°K and 
below is characterized by the presence of unsteady 
flow, which grows more pronounced with decreasing 
test temperature. Prior cold work of specimens in- 
tensifies the discontinuous character of flow. 

3. At 4.2°K and below, formation of mechanical 
twins is observed in aluminium. It is possible that 
discontinuous plastic flow is connected with mech- 
anical twinning. 

4. The mechanical properties of aluminium were 
determined in the range of 77-1.4°K. It was establish- 
ed that true strengths of pure and commercial alumin- 
ium specimens tested in fracture at 4.2°K are simi- 
lar; the yield point, o,, is practically independent 
of temperature; the residual elongation has a maxi- 
mum in the region of 20-4.2°K. 
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THE EFFECT OF CURRENT CARRIER DEGENERATION ON THE 
TRANSPORT PHENOMENA IN SEMICONDUCTORS* 
V.YE. VZDORNOV and I.M. TSIDIL’ KOVSKII 
Metal Physics Institute of U.5.S.R. Academy of Sciences 
(Received 4 December 1958) 


For many semiconductors with a high conductivity, conditions are frequently realized, under 
which the function of the current carrier distribution deviates from the Maxwel]]-3Bo]tzmann 
type, in other words, the electron gas becomes partly degenerate. 

The characteristics of the physical properties of degenerate semiconductors were examined in 
detail in paper [1]. Formulae and graphs for some transport phenomena in semiconductors with 
an arbitrary degree of current carrier degeneration for weak magnetic fields were first givep 
in paper [2]. That paper, however, contains serious errors. In deriving formulae for the 
adiabatic coefficients (Ettingshausen and Righi-Leduc), no account was taken of the lattice 
heat conduction, although in semiconductors this usually substantially exceeds the electronic 
heat conduction, An incorrect formula was used for the resistance variation in a magnetic 
field. Furthermore, all formulae are given in a form which is not convenient for comparison 
with experimental results, since they contain parameters (n°, i) which cannot be measured 
directly. Rodot [3] obtained formulae for the longitudinal Nernst-Ettingshausen effect in 
degenerate semiconductors for the case of electron scattering on acoustic lattice oscillations 
and on impurity ions. The general formula for the effect for the case of strong magnetic 
fields is incorrect, which can readily be seen from the particular formula for an undegenerate 
electron state. 

<n view of the above, it was thought desirable to present the results of our calculations of 
the galvano- and thermomagnetic effects for semiconductors with any degree of degeneration of 
the electron gas, in booth extremely weak and strong magnetic fields. 

It is assumed that (1) the energy of a current carrier is proportional to the square of a 
quasi-impulse (€ = p7/2m); (2) its free-path length is a power function of energy (1 =ae’, 
with an arbitrary r); (3) the distribution function is of the Fermi type 


! 
The current carrier mobility is 
m 
their concentration is V = — (2meT) Fy (p*); 


F is the Fermi integral, 


All expressions for the galvano- and thermomagnetic effects were obtained with the general 
formulae in papers [4, 5]; in the case of an arbitrary degeneration of the electron gas, the 
expansion factors a; of the integrals I;; in the parameters (uH/c)? or (uH/c)~? (H is the 
magnetic field intensity) are of the following form 


* Fiz. metal. metalloved. 7, No.6, 801-808, 1959. 
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Fig. 1. Transverse Nernst-Ettingshausen effect: 
a - weak fields; 6 — strong fields. 
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Figs. la and 1b show the curves of K,(m*) and K,(je*). Curves I-IV are applicable to the 
cases when r = 0 (current carrier scattering on acoustic lattice oscillations); r=% 
scattering on optical oscillations at low temperatures); r = 1 (scattering on optical 
oscillations at high temperatures); r = 2 (scattering on impurity ions), respectively, The 


same designation is used for the R,(j#*) curves in the remaining figures, 
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Fig. 2. Righi-Leduc 
effect. Strong fields. 
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Fig, 2 shows the curve of Ki (pe *), while the values of C\(r) and Ci(r) are given in Table 1, 
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TABLE 1 


Values of C,(r) and Co(r) for Righi-Leduc effect in 
weak magnetic fields 


2.50 2. 50 
2. 50 2. 50 
2.52 2. 52 
2.56 2. 56 
2.69 2.69 
2.74 2.74 
2. 8€ 2. 86 
3.02 3.02 
3.16 3.16 
3. 26 3. 26 
3.85 3.65 


Strong magnetic fields 
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. 3. - Longitudinal Nernst-Ettingshausen effect 
a — weak fields; 6 — strong fields. 
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The curves of Ke(u*) and K,(u*) are show in Figs. 3a and b, 


Electronic héat conduction in a magnetic field 
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The graphs of K,(j*) and K,(m*) are shown in Fig. 4. 
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Fig. 4. Electronic heat conduction: 
a — weak fields; 6 - strong fields. 
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GALVANOMAGNETIC EFFECTS 
Hall effect 
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Pig. 5. Hall effect. Weak fields. 


Ettingshausen effect 
Weak magnetic fields 
oT l 


Kyo (p*) Ix 


3 
(I+r) (or+ =| FF 9,4. y—(2+7) (2+ >) 


F 
Ky = > —* 
l+r 
C, (r) 
Cyir)+M 
Strong magnetic fields 
OT kT 


6 
where 
Ey = — 
The curve of K(#@ *) is shown in Fig. 5. 
VOl 
7 
19! 
4 
where 
(12) 


Current carrier degeneration 


Fig. 8. Ettingshausen 
effect. Strong fields. 


he 


Table 2 quotes the values of C3(r) and C,(r), while Fig. 6 shows the curve of K,,( *). 


TABLE 2 


Values of coefficients C3(r) and C4(r) for Ettingshausen effect in 
weak magnetic fields 


Electrical conduction in a magnetic field 
Weak magnetic fields 


= 


7 
10 
“45 
-20 
i 
-10 
-L5 - 
where | 
0.589 2.00 0.552 3.00 -2.97 4.00 
4 0. 585 2.00 0.549 2.97 -2.87 3.64 
3 0.583 2.00 ~0. 544 2.96 -2.89 3.97 
2 0. 877 2.00 ~0. 536 2. 98 ~2.83 4.00 
-1 0. 569 2.01 0. 511 3.08 -2.68 3.90 
0 0.536 2.17 0.481 3.11 3.94 
0. 484 2.29 0.419 3.00 -2.06 3.70 
2 0. 429 2.45 0. 314 3.17 -1.71 3.63 
3 0.368 2.58 ~0. 333 3.20 -1.38 3.60 
4 0.333 2.79 309 3.22 “1.17 3.83 
10 0.160 3.00 0.188 3.27 0.54 3.30 
where 
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Strong magnetic fields 


4(1+n(2—n FF 


The curves of K}o(j*) and K,3(") are shown in Figs. 7a and b, 
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Fig. 7. Electrical conduction: 
a — weak fields; 6 — strong fields. 


Because of their extreme unwieldiness, the formlae for the Nernst galvanomagnetic effect 
are not quoted. 

In conclusion, we will note that, with the exception of coefficients K,(y*) and K 46H") for 
the Righi-Leduc effect and K *) and K,(#*) for electronic heat conduction, the coefficients 
K,(y*) decrease in absolute value as the degree of curremt carrier degeneration increases, 
With increasing 4*, the Righi-Leduc effect increases in all cases, except for r = 1 and r = 2 
at weak magnetic fields. The electronic heat conduction decreases with increasing «*, except 
for the cases when r = 4% and r = 1 at strong magnetic fields. 

With current carrier scattering on the impurity ions (r = 2), all the effects decrease with 
increasing degree of degeneration more rapidly than with other mechanisms of scattering. This 
can be easily understood by taking into account that, in a degenerate state, the current 
carrier energy is greater than in the non-degenerate state and consequently carrier 
scattering on ionized impurity atoms (Rutherford type) may be expected to be weaker. 
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A study is made within the framework of the many-electron theory of metals, 
of the relation between the residual electrical resistivity of binary unordered 
substitutional alloys of the non-transition metals and their composition, 
taking into account static distortion of the crystal lattice, due to differen- 
ces in atom sizes. Alloy correlation is not taken into consideration. 


INTRODUCTION 


A theory of the residual electrical resistivity of unordered substitutional alloys of the 
non-transition metals, without taking into account correlation and static distortions of the 
crystal lattice, was developed in paver [1] in the framevork of the single-electron metal 
model. In the case of binary alloys A-B, this theory led to a parabolic, symmetrical curve, 
expressing the relation between the residual] electrical resistivity p and percentage concen- 
tration, c,, of atoms A in the alloy in the form ofp ~¢, (1 —Cc,). Subsequent development of 


theoretical studies of the concentration dependence of the residual] electrical resistivity of 
alloys followed the method of taking into account various factors which exert influence on pp. 
In [2] an investigation was made of the effect of long-range order on the residual resistivity 
of alloys with different structures, and the characteristic minima were determined, appearing 
on the concentration curves for alloys in an ordered state at points corresponding to 
stoichiometric rations. The p vs. c, relations arrived at in these investigations may 
actually be retained in development of a more gmera] single-electron theory [3] which does 
not make use of a number of hardly-substantiated assumptions of the electron free-path length 
being independent of direction, of the electron energy being dependent only on the modulus of 
the wave vector, of the square of the modulus of the matrix element of perturbance energy 
being dependent only on the angle between the electron wave vectors before and after scatter- 
ing, etc. What is more, it was found that, to arrive at the above relations, the single- 
electron approximation is not even essential. 

The many-electron theory of the residual electrical resistivity was developed in paper [4] 
for binary ordering alloys of the above type, taking into account correlation in the first 
co-ordination sphere, in paner [5] for teary unordered alloys, and in paper [6] for a 
general case of multicomponent ordering alloys, taking into account correlation in all 
co-ordination spheres. A study was also made of the effect of interstitial atoms on the 
type of concentration dependence of the residual electrica] resistivity [7], while the 
presence of holes at the crystal lattice points was allowed for in [8]. The residual 
electrical resistivity of alloys of the transition metals with non-transition ones was also 
investigated in the framework of the single-electron theory, both for the case of unordered 
[9] and ordered states [10]. For these types of alloys, there were obtained characteristic 
deviations of the concentration curve of the resistivity from the symmetrical, parabolic 
curve found [1] for alloys of the non-transition metals. 


* Fiz. metal. metalloved. 7, No.6, 809-824, 1959. 
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In none of the above-mentioned studies were geometric distortions of the crystal lattice 
taken into consideration. The effect of distortions of the crystal lattice on the residual 
electrical resistivity in the framework of the single-electron theory was examined in a 
series of investigations [11-13]. In these, an analysis was made of distortions due to 
substitution of an atom of a pure meta] at a lattice point by an atomof another metal with 
a different atomic radius, as well as distortions due to the presence of interstitial atoms 
and holes*. However, in these investigations the question of the fom of concentration 
dependence, p (ea), was not examined, and determinations were only made of the variation 
in p, due to the presence in the metal of a certain, smal] number of such point defects, 
The object of the present investigation was a study of the effect of crystal lattice 
distortions, due to differences in atom sizes, on the concentration dependence of the 
residual electrical resistivity of binary unordered substitutional alloys of the non- 
transition metals. The problem of numerical evaluation of the electrical resistivity has 
not been raised, and, strictly speaking, it is doubtful whether this would be justified with 
the present-day position of the theory of metals. In this connexion, we have succeeded in 
carrying out calculations in the framework of the many-electron theory of metals. Correla- 
tion between substitutions of lattice points in alloys is not taken into consideration. 
Since the work is qualitative in the sense that the value of the electrical resistivity 
is not determined numerically and only the effect of distortions on the concentration 
dependence of the resistivity is investigated, the distortions are allowed for by using a 
coarse model of elastic medium, generally employed in investigations of X-ray scattering 
in alloys [14]. 


2. PROBABILITIES OF TRANSITIONS OF A SYSTEM OF CONDUCTION ELECTRONS 
UNDER THE INFLUENCE OF DISORIER IN A SEQUENCE OF 
ATOMS AND OF CRYSTAL LATTICE DISTORTIONS 


We will consider a binary unordered substitutional] alloy of the non-transition metals, 
consisting of Na atoms A and Np atoms B. Let atoms A and 8 differ in size, so that they 
are displaced from the ideal positions in the crystal lattice. We will restrict ourselves 
to a case when there is only one atom per elementary cel] of the crystal] lattice. We will 
describe the positions of atoms in the alloy by vectors R, leading from the origin of co- 
ordinates (chosen in the undisplaced position of the first lattice point) to the undis- 
placed lattice point No. s, and by vectors u, of the atom displacements from their true 
undisplaced positions. 

We then have 


R, = 5,0, +5,0, + 50s, (1) 


where a,, a, and a, are the principal lattice vectors; #,, s, and s, are the whole numbers. 
The vectors ¢,, %, and @, for alloys of any composition are determined in accordance with 
the experimental values of the volume 2 of the alloys, which depends on Cas The disp]lace- 
ment vectors u” can then be considered small compared with the lattice constants. 


For a aystem N # of interacting conduction electrons in the crystal lattice of an alloy, 


the Hamiltonian H can be written in the form 


* We are not considering here the investigations in which the effect of plastic deformation 
on the electrical resistivity was studied. 
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N, N, 
ht e* 
H=-> Yatv+y 
i,j-1 
(i<i) 


where e and a are the electron charge and mass, A is Planck’s constant divided by 27, ¥, is 
the radius vector of the ith electron, V is the potential energy of the electron system in 
the field of crystal lattice ions, having the form 

N 


N 


s=] 


Here v,(T, - R. - uy) is the potential energy of the ith electron in the field of an ion 
displaced by a vector ?, from the correct position of the sth lattice point (v s may be equal 
to v, OF vp depending on whether the lattice point s is occupied by an atom Aor B); N is 
the number of atoms in the alloy. 

We will develop a theory of perturbance, assuming that lv, - vg | and v, are quantities of 
the first order of smallness, In the calculations we will retain the terms of the second 
order of smallness with respect to these smal] values, but will reject tems of higher 
orders, 

For the zero approximation we wil] select a pure metal] having a volume coinciding with 
the experimental alloy volume 92, built up from undisplaced effective ions, in whose field 
the electron has the mean potential energies of 


U=C,v, +C, Up. 


The potential energy Vy of the electron system in an ion field in the zero approximation is 


N, 


N 
(5) 


i=1s=1 


while the perturbance energy is given by the formula 


N, 


N 


i=! s=} 


Considering the values of q, to be small compared with the lattice constants, we will expand 


ee a series in ¥. restricting ourselves to terms which are linear with respect to v,. 


12 
(3) 
VO} 
a 
19! 
where 
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=Vi+Ve 


Vi= 


J 


To determine the probability of transition of the electron system from the state a into the 
zero-approximation state n with wave functions ¥. and pa we find the matrix element 


Vin am + V2 nm» (8) 


Vinm dty, (9) 
(10) 
VOL. 
es and integration is carried out along the co-ordinates of all electrons in the principal zone 


1959 of the crystal. 
The matrix element y! ais determining the probability of scattering of an electron system 


under the influence of disorder in the ion sequence without taking into account lattice 
distortions, was examined in papers [4-6], in which it was shown that it may be written in 


the form 


Vinm = Ny Rs v""), 


= Dam (r;) v (r,) d 


= ry) Pn ty at... 


4 => e Viv, (r,); 


e 


N, 
q = 


i=] 


fri) is a periodic function of the co-ordinates of any electron with a zero-approximation 
lattice spacing; R, and Ri are vectors describing the initial, pa and final, %,, states 
of the electron system. The values of Pam are independent of the "el ectron number i. For 
this reason, in what follows, the expression for ¢,,, and of course those for v?™ and v", 


can be written without the index i. 
Let us consider the quantity Vine’ According to (7), Vy can be written in the form 


13 
where 
where | 
= 
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i=] 


N 
Vie = — u, grad 9, (r,—R,) 


Ne 


N, 
i=} 


e 


The form of the function Vee does not depend on i. Consequently 


N 
am Vie (7) Day (1) =—N, fo. u, grad U, (r —R,) dz. 


Introducing for each term of the sum in (17) its new variable ' =7- f, and once again 
denoting r! by 7, we obtain, in view of periodicity of the function in 


N 
Vous = N, 


s=1 


= (r) u, grad v, 


Squaring the modulus of the matrix element, V!. = Vine + Bs 
[Viml? = + (Vt nm + Vi nm V2 nm) + \V2 (20) 


The expression for Cie can be taken from the formulae obtained in papers [4-6] for the 
case of an wnordered alloy A-B, examined without allowing for correlation 


\Vi aml? = N2N 


am nm 
Ais 


Let us examine \Yonm i. Taking into consideration (18), we obtain 


14 
where = (15) 
| 
Then 
VOl 
(17) 7 
19! 
where 
(19) 
where 
(23) 
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N N 
(s#s?) 


N 
We transform the sum L, = Dar", by performing in it first a summation along the lattice 


points occupied by atoms A, and then along the points occupied ty atoms B, 
(A) B 
Ss 
into which we have introduced the designation 


AIT = (7) u, grado (7) de (a =A, B). 


Replacing the sums in (25) by products of the numbers of terms and the mean values of the 
expressions being summated, we obtain 


Ly=c, + (27) 


To determine the atomic displacements ,u’,, we will adopt the frequently-employed simp] ified 
model of elastic medium (see e.g. [14]), in which the displacements u, of an atom located at 
the sth lattice point are expressed by the sum of the displacements due to deviations of the 
atomic radii of all other atoms from the mean radius, and are given by the formula 


a, = 
3 
si 

where summation is taken along all the crystal lattice points, with the exception of the 

point No. s; bf s) are coefficients dependent on position and assuming values of by or bp» 
depending on whether lattice point No. j in the neighbourhood of point s is occupied by an 
atom Aor B. Finally, Pet is a vector passing from point j to point s; in order to calculate 
small values of u ™ it is possible to select undisplaced positions of these lattice points, 


i.e. 


» 
(29) 


According to formula (28), displacement &, does not depend on the kind of the atom occupying 


the sth point. 
Substituting (28) in (26), we obtain for AMA 


6(s) 
= (r) ry grad (r) dt. (30) 
ins "sj 


Considering that, in the lattices under investigatim, the systems of vectors * drawn from 
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all lattice points j; surrounding any point s are identical*, the index s in ry; may be 
discarded, provided it is agreed to conduct summation along points j surrounding each point 
s, in a certain order, which will be the same for all points s. Introducing the designation 


—{ ()agradv. (a=A, B) (31) 


and putting a = r; and a =A, we can write for the square of the modulus As 


(s) p(s) 
3,3 (32) 
Lies Ge 


The only quantities in (32) which are dependent on s are o(s) and o(?), Consequently, the 
mean value of |A%%|? for all points s occupied by atoms A equals 


pam pam 2 
ame __ rj A A rjA 
pam (33) 

A 


Without taking into account correlation between the displacements of points j and j’ (j # j”) 
by atoms A and B, we obtain 


of?) = (34) 


Since the atomic displacements are determined with respect to the positions of the atoms in 
the zero-approximation crystal lattice having the same volume as the alloy, it can be easily 


demonstrated (see [14]) that, for example 


=c,b2 +c,6, =0. (35) 


Consequently, the sum of non-diagonal terms in (33) is equal to zero. 
In the remaining sum of diagonal terms, 


2 2 2 
= C, 5, + Cy bp, 


into which we have introduced the designation 


2 
a 


6 
"j 


(38) 


(a = A, B). 


In exactly the same way we obtain 


* As usual in problems of this type, surface effects are ignored. 


16 
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7 
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(36) 
that is 
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= cy + p05) (39) 
On calculating in the adopted approximation the mean value of Jarl which is a quantity of 
the second order of smallness with respect to atomic displacements, it is possible to 


replace of) ty v , (7), in the expression for i forming part of Kg”, since the error thus 


committed will already be a quantity of the third order of smallness. in formula (39), Kz” 
will then be replaced by K%". Subsequently, substituting (37) and (39) in (27), we obtain 


(40) 


Ly = NK" (c, +65 05) 
in which it is taken that 


We will now consider the second sum (of non-diagona] terms) in formula (24), which we will 
designate by L 


N 
L,= x Rs!) (42) 


We will replace summation along s° with a given s by summation along vectors p = Ry — Ri, 
drawn from all points *#’ to the point s. Then, performing summation at first along s with a 


given ps we obtain 


(43) 


wh ere a 
nm gnm* 
(44) 
s=1 
Here, in the magnitudes A, determined ty formula (19), indices F, and F,, = R, - p have been 
substituted for indices s and s’. Let us split up the sum S”™ into groups of terms, in each 
of which the points s and s’ are occupied by atoms of one kind. Replacing the sums of these 
terms hy products of the mean values of the expressions undergoing summation and the numbers 


of such terms, we obtain 


in which the following designations have been introduced: 
= (a, = A, B), (46) 


and the mean values are determined under the condition that the point s is occupied by an atom 
of kind a, and the point «’ ty an atom of kind a’, the vector P drawn from the point s’ to s 


being constant. Let us consider the magnitude 


Mant = | grad Vs dt grad Ver dt. (47) 


and us of the atoms at the points s and s’ can be presented in the form 


The displacements a, 
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(49) 


in which it was taken into account that ae oe Substituting (48) and (49) in (47), 
and using designation (31), we obtain 
= —b, bus + = 


( rea (s) Tye? 
Qn calculating the mean value of M wie under the conditions stated above, we note that the 
first-degree terms in p(s) and 6%: (but not their product) become zero in view of equality 


(35). For this reason also, those terms of the last sum in expression (50) are equal to 
zero, for which j and j” correspond to different lattice points since, in calculations taking 


no account of correlation, 6{*) 63”) = 6/*) b\3—0. For those terms of this sum, in which j and 


j” correspond to the same lattice point, rj =r,—p and bj = \;'). Thus, with (36), we 
obtain 


(a, a’ = AB). (52) 


Since the magnitudes M,,- are of the second order of smallne8s, it is possible, as was done in 
deriving formula (40), to replace in (52) (for the cases when a or a ‘are equal to B) /2” and 
B 
17" and/2""... Then, substituting (51) in (45), we find 

j 


=N (c, +g 65) T=. (53) 
in which the following designations were used 


pAA 


and it was taken into account that c, +c =|. 
Substituting (53) in (43), we obtain an expression for L,. 


L, = NT" (c, +c, 63), 


de 

Taking into consideration expressions (40) and (55) obtained for L, and L o We find from (24) 

that 


(56) 


VOL 


195 


18 
| 
(50) 
— 
7 
(55) 
where 
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nm|* = N2NP"™ (c, + 6,02) = Ni NP™ —* 


(58) 


and relation (35) was taken into account, 
,Let us examine the mixed terms Fue Vs. am + Cr ae oe in (20). We will transform the term 
Fi. V5 im Which, according to formulae aa and (11) can be written in the fom 


5, = 


We break up the sum in (59) into parts Z, and Z2 in which s = s“ and s #4 s’, respectively: 


N 
N 
Z,= (ym _ Av”. (61) 
In expression (60) for Z,, we first perform summation along the lattice points occupied ly 
atoms A and then along the lattice points occupied by atoms BR, Replacing the sums obtained 
in this manner by products of the mean values and the numbers of terms, we obtain 


nm ) nm ~nm 5) 
Ly = Nc, (0% —v" + FA, (62) 


Substituting formulae (26) and (28) in (62), we find, on the basis of (35), that Z, = 0, 

Calculation of Z,. In the same way as was done in calculating L,, we will perform summation 
in (61), first sleee s’ with a fixed p and then along all p; pe NO arranging the s’ 
terms in the sum so that in each group point s is occupied ly an atom of specific kind @ and 
point s° by an atom of specific kind a, we obtain 


=2 — 0°”) “AME: (0, af aA, BY, 


where index (aa’p) at the symbol > indicates that summation is performed along points s’, 


which are occupied by atoms a’,with points s being occupied by atoms a, and the vector 
drawn from s’ to s being constant and equal to pe Replacing the sum along points s” by the 
product of the number of terms and the mean value of the expression undergoing summation, 


we find 


Marte) 
= Ne, Ca? A, 
s? 


Taking into consideration (26), (31) and (49), we obtain 


nm* 


(65) 


j#s, 


since, in view of (35), the other terms equal zero. We will substitute (€4) and (€5) in (63). 


19 
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* 


aa’ o*0 


Assuming once again that = designating 
oA 


(67) 


performing summation along a and a’, and taking into account (35), we can rewrite formula (66) 
in the form 


Zq = — NQ™ — UR") Og Ca. (68) 


Substituting (62) and (68) in (59), we find V\nmVonm and, adding to this the complex 
conjugate expression, we obtain 


Vi nm + Ve am ™ b, 


We will now find an expression for the square of the modulus of the perturbance-energy 
matrix element by substituting formulae (21), (69) and (57) in (20) 


= Ne N (a%3 + (71) 


CB 


Let us determine the relation between by and alloy composition. For this purpose we will 
employ the fact that experimental curves of the concentration dependence of the mean vol ume 
w per one atom of substitutional alloys usually closely approximate to a quadratic relation 
between w and Cae Let W, and @ B represent the alloy volumes per one atom A and 3, Then 
N, atoms A in the alloy occupy a volume Q, and V., atoms B a volume Q 3. Also, the volume 
of the crystal B= Q, + 2, and 


Elastic stresses and lattice distortions would be zero if all atoms had the same volume, 
equal to w = W(C,). Replacement of one effective atom with a volume w by an atom of kind 
A or B in the alloy leads to lattice distortion and volume changes equal to, respectively, 


* The results obtained below will only apply to these types of alloys. 


20 
Thus 
i@e _ 
Me 
(69) 19) 
where 
9 _ 
(72) 
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Aw, = (C4) (£4) 


(73) 
Aw, = (C,) — @(C,)}. 


The overall volume change on replacement of all effective atoms by atoms A and B in quantities 
of Ny and N, may be expected to be zero, since, according to agreement, the overall volumes 
of a etal made up of effective atoms with identical volumes wm (c a) or of two kinds of 
atoms with volumes of @a(c,q) and @ B( cy) in quantities of N, and Ny are the same and equal 


to some experimental crystal volume Q; This means that ¥ Aw, =N, Aw,+ N, Aw, =Q, Le. 
s 


¢, Av, + CR Aw, = 0. (74) 
It is easy to demonstrate (see 14) that 


Ao, = 4x b,, Aw, 4n b,. (75) 


From (74) and (75) there follows expression (35) already quoted earlier. Jf it is assumed 
that wis a quadratic function of Cys then @, and @, must be linear functions of at 


w, = (0) + Agcy 
t Ages |, 


(77) 


h, = 
he =, (1) —o, 


Here wf and wh are the volumes per one atom A and B in pure metals A and B, respectively; 
w,(0) is the volume per one atom A in pure metal B (at an infinitely low concentration Ca); 
w (1) is the same for an atom B in pure metal A, Substituting (76) in (72), we obtain a 
relation between w and cy, 

wo =o, + — e, (1 —e,). 
It can be seen from this that, for As and A ny ® linear relationship exists between the 


mean volume w and concentration CAs Or the basis of (75), (73), (72) and (76), we can find 
the relations between ba and by and concentration cA: 


= [04 (0) — + — Ap) 


by = — (0) + Cal 


* 
a, = — jw, (0) — 4], 
0 a (0) 


21 
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| 
(79) 
Putting | 
(an 
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by = (a + 41 C4) (1 — ¢,). (82) 


Substituting (82) in (71), we find the relation between the square of the modulus of the 
matrix element (71) and concentration cy 


= N2N(A"™ fa), (83) 


fy =e, (1 — ¢) 
fo = Cy (1 — Cy) + (84) 
fs = (1 — Cy) +% 


The probability of transition w,, from a state m to a state n under the influence of pertur- 
bance is proportional to|Vam| with a coefficient B,, which, in our approximation, is indepen- 
dent of composition 


Wam = Bam|Vaml2. (85) 


38. RESIDUAL ELECTRICAL RESISTIVITY 


To determine the density of the current produced by an internal electric field in an alloy, 
we will employ the method of the density matrix om based on the zero-approximation wave 
functions [4]. We assume that the temperature is sufficiently low to justify the thermal 
motion of atoms being ignored, so that only electron scattering on static lattice hetero- 
geneities is taken into consideration. 

The mean current density J can be expressed in terms of matrix elements Jnn W means of 


the formula 


where Als is the difference between the matric element in the presence 
of an electric field, and the el] ement i. in its absence. The magnitudes Alin will be 
found from the steady-state condition 


(z=) (ean 


The change of as per unit time, due to a field with an intensity F in the region of 
applicability of Ohm’s law equals 


(88) 


ot field 


where On, Can be regarded as coefficients which are independent of composition. The change 
of = per unit time, due to electron scattering on the alloy heterogeneities, depends on the 


probabilities of transitions is and may be expressed in the form 


a Jalley 
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where wig is determined from formula (85). 
Using (85), (83) and (84), we find 


3 
OWnam gnmn'm! (90) 
= 
ot loy. x 


nmn? m’ 2 nm am 
nmn'm? 2 nm nm 

65 = N; N (91) 


nm nm 
=N2N Int me Bntme P 


and the dependence on composition is determined by means of functions f,; according to formulae 


(84). ew. alloy depends not only on the probabilities of transition, but also on the matrix 
elements W,.=Wim +A W,,,. Let us expand 67""’"’ in a power series of small magnitudes of 
AW 
- 


Substituting (92), (90) and (88) in the steady-state condition (87) and assuming F = 0, we 
find that —9 i.e. 


3 
ow, amn”m” 93 
/ oy 


i=] n*m” 


in which we have put 


° (94) 


Finally, the steady-state condition assumes the form 


3 

i=] n’m” 
From this system of equations it is then possible to determine Aon We will solve it 
approximately for the particular case when atomic displacements are so smal] that the 
probability of scattering due to geometric lattice distortions is small compared with the 
probability of scattering due to disorder in the atomic sequence, The first term in the sum 
in i will then be greatest and is retained when solving system (95) in the zero approximation. 
The second term, which is proportional to the first power of atomic displacements, may be 
regarded as a small correction, to be taken into consideration in the first approximation. 
The third term, containing second powers of displacema@ts, may be discarded. Thus, in the 
zero approximation, system (95) can be rewritten as follows: 


Wo = — = (96) 
1 


Its solution is in the fom 


F 
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In. the first approximation we will put 
A Wim = A Wo + 


where § n’n? is a first-approximation correction, 
Thus, taking into account (96) and (97), we obtain from the condition of equilibrium 


fi 


n”m” 


For en we find an expression from (99) 


= FZ 
ii 


Substituting (97) and (101) in (98), and replacing n” and a” ly n and a, we obtain 


fi fi 


From (102) and (86) we find an expression for the mean current density 
Ay 
am nam 


The residual] electrical resistivity in the approximation under consideration may then be 
written in the form 
p=Af, + 


where 


bam Jnm 


’ 
nm 


and in our approximation is independent of composition. 
Substituting (84) in (104), we obtain the relation between the residual electrical resis- 


tivity and composition c, 
p=Ac,(1 —c,) + Be, (1— (a) ¢,). (105) 


Here the first term represents the electrical resistivity due solely to disorder in the atomic 
sequence, as investigated in [1]. The second term provides a correction for the presence of 


lattice distortions. 
We will consider the case when a, = 0, i.e. when the mean volume per one atom in the alloy 


increases linearly with concentration Ca. In that case, the presence of such distortions adds 
to the electrical resistivity a term which is proportional to cy(1-cy); when plotted against 
Cys the curve of this term is symmetrical about the straight line c, = %, 

This conclusion may also be reached without the additional assumption of small] displace- 


24 
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ments, made for the solution of equations (95). In fact, for a@, =0, the dependence of all 
three functions f,» f, and f, on composition is found to be of the form e,(1 - ¢4), which 
gives [Vamlvea(l - cq), from which we can at once obtain the dependence of p on cy, in the 
second approximation with respect to magnitudes |v, - v,| and u, 


p=A’c,(1—c,), (106) 


where A’ # A, 
Thus, in this case (for a,= 0), within the framework of the approximation adopted, lattice 


distortions cannot alter the shape of the curve of electrical resistivity vs. concentration, 
but can only affect its magnitude. However, in the case when a, =0, i.e. when the curve 
of @ (c4) deviates from the straight line, crystal lattice distortions add to the electrical 
resistivity a term which, when plotted against ¢,, is no longer symmetrical about the 
straight line c, = 

It must be noted that, in the calculations within the framework of the many-electron theory, 
it was only possible to obtain expression (105) for p with the additional assumption of the 
effect of displacements being small compared with the effect of disorder. In that case, 
when evaluating the first term in (105), giving p for an alloy without distortions, with an 
accuracy involving taking into account terms of ~v, -vp |, another term would be added, 
upsetting the symmetry of the curve represented by the formula Aca(1 - Ca); the magnitude 
of the additional term may be of the same order as that of the second term in (105), which 
is due to distortions (although allowance for corrections in subsequent approximations would 
not add to this second term other terms, due to distortions, of the same order of smallness), 
For this reason, formula (105) may only be employed in the analysis of the role of atomic 
displacements, and not for determining the shape of the whole concentration curve p(c ry in 
the given approximation 

We may note that, in the framework of the single-electron theory, the curve obtained for 
the relation between the square of the modulus of the perturbance-energy matrix element vs. 
cA would be the same as that obtained from formulae (83) and (84). It was thus possible to 
obtain p (c,) without resorting, as was done above, to the additional assumption of smal 1 
distortions. In that case, the relation obtained for p vs, c, would have the form* 

A,c, (1 + (1 Cs) (% 24C,) (1 C,) (49+ a,C,)*. (107) 

Formula (107) gives the whole function of p(c,) systematically in the second approximation 
with respect to magnitudes |v,- vp! and @ ,’ and the observations made above regarding the 
relative magnitude of terms in formula (105) do not apply to it. It is clear that the 
principal qualitative conclusions drawn from formula (107) are the same as those arrived at 


by analysis of formula (105). 
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THE PROBLEM OF DETERMINATION OF THE DIFFUSION COEFFICIENT 
DURING PLASTIC DEFORMATION OF A SOLID BODY* 
Iu.P. ROMASHKIN 
Physicotechnical Institute of U.S.S.R. Academy of Sciences 
(Received 11 February 1957) 


A solution is given of the problem of diffusion for a linear case in a medium 
undergoing deformation, with the object of determining the distribution of the 
substance along the co-ordinate in the direction of which diffusion has taken 
place. Formulae are presented for calculating the correction factor a = D_/D, 
where D_ is the measured and D the required diffusion coefficient, for the case 
of any relation between deformation and time. 


When studying the effect of uniaxial plastic deformation (e.g, creep) on the linear- 
diffusion coefficient, determined by the method of layer removal, it is necessary to allow 
for the fact that the latter will change not only because of the possible variation in the 
atomic mechanism of diffusion (physical factor), but also as a result of a variation in the 
geometry (one co-ordinate) of the specimen (geometrical factor), This paper examines the 
problem of allowing for the latter factor in a linear case, 

As is known [i], the differential equation of diffusion has the form 


* 
pvr tx.) (47. (1) 
Ox? ot 


where PD is the diffusion coefficient, which is independent of concentration; c*(x,t) is tne 
volume concentration of the substance undergoing diffusion, which depends on the co-ordinate 
x and time t. 

Equation (1) is obtained by examining the change in the amount of the substance d¥ ina 
volume element dV = dSdx during a time Z\t. In such a case, the following equality holds 


dS dx ar? 


from which then equation (1) can be obtained. 
Considering that the atomic mechanism of diffusion does not alter during plastic deformation 


the change in the amount of the substance dW, in a volume element dV, will be equal to dM, 
since the volume after plastic deformation remains unchanged, i.e. dV, dS,, dx, = dS and 


dx = dV on condition that: 


exp (f)] 
dx, = exp [e (t)| dx, 


dS, 
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where €(t) is the actual deformation, 
Let us take [x,, c(x,, t)] as a new system of co-ordinates. For this, it may be written 


dc (x,, t) =D, dt. (4) 


Since = 


, by comparing (2) and (4) we obtain 
dS, dx, as dx 


dx} ax? 

It thus follows that D, - OD. 
We will put 
D (5) 

and consider that coefficient a depends solely on the change in the specimen geometry during 
deformation. Our object will be to determine this coefficient as a function of deformation. 
Let us write down equation (4) in the [x, ¢*(x, t)] co-ordinate system, taking into consideration 
relations (3). After suitable transformations, we obtain 


VOI 
19! 


If the solution of this equation could be found, then, by comparing it with the solution of 
equation (1), it would be possible to determine a(e€). However, this is found to be difficult, 
We will] therefore attempt an approximate solution of the problem. 

Such a solution was given in paper [3] for a constant rate of deformation. However, in the 
course of solution, the author committed errors, leading to an incorrect result. Firstly, 
through a lack of precise formulation of the method of solution, confusion arose in deter- 
mining the connexion between the variable ane fixed co-ordinates, Thus, in the intermediate 
calculations, the author in one case puts Xp = [exp(e Nn ean* and in another case 
% = exp(€ max)*, where x, and x are the variable and fixed co-ordinates, respectively, The 


fe) 
equality given by the author 


Blo = D,= 
— = — —e 
p(—e), 
from which he derives D = exp( - €)D., is not fulfilled. In actual fact 
= 
ote Ox dt 
° ax, dS dx,/dx 


For x5 = exp(e)x, after appropriate transformations, this equation wil] have the form 


= Dp, >. exp (—2) + 


Hence, the above relation between D and Do is not satisfied, Thus, the solution presented 
in paper [3] must be considered incorrect. 

The method of solution proposed by us consists in the following. Since, in the method of 
layer removal [2], it is necessary to know the relation c*(z,t) for a given value of time, 
t,, we will solve the problem for a given deformation, €. Then, after dividing the whole 
ole of deformation into a number of equal, sufficiently small intervals At, we will 
consider that during each interval diffusion takes place without plastic deformation, but 
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that, after this has elapsed, the specimen is subjected to instantaneous deformation equal 
to €, Mt, where i is the rate of deformation at the instant mAt, and m is the interval 
serial number. 

Such operations necessitate a change of the initial boundary conditions for each succes- 
Sive interval. However, the change of the x co-ordinate during deformation is also a change 
of the initial boundary conditions, but for each consecutive instant of time. Therefore, in 
the limit, for n-eoo, where n is the number of intervals, it is possible to obtain a suf- 
ficiently accurate solution. 

Thus, during the first time interval of At, diffusion takes place without participation of 
plastic deformation, and in this case, therefore, the solution of equation (1) is valid; this 


may be written in the following form [1]: 


(1) 


where 
f(a) (x, 
The initial boundary conditions in the method of layer removal are: 
for a=0 f(a) ‘for 120 


(2) = Oanal f(a) d2= Q,. 


Qo x? 


At the instant of time of t = Zt, there occurs instantaneous deformation of the specimen by 


an amount Ae, =¢,A?t. After that, in the changed system of [x;, c(x;,t)] co-ordinates, in 
accordance with expression (4), a formula similar to (8) may be written 


2 
Q x 
rD,At 


But x, = exp (e,A ¢),and consequently comparing expressions (8) and (9), when x, has been 


replaced hy x, we obtain 
D, = exp (2e,A D. (10) 


We will rewrite expression (9) in a new fom, replacing D, by D in accordance with formula 
(10) 


where p, = exp (2¢,A 2). 

In this way, from a system of [x,c*] co-ordinates, we have gone over to a varying system of 
co-ordinates [x;,c] and at the same time we have learnt how D has changed as a result of 
plastic deformation. This transition is essential, since in experiments it is the magnitude 


x, Which is determined, and not «x. 
For the second interval, the initial boundary condition may be obtained from expression (11) 


(12) 
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Substituting (12) in (7) and performing the integration, we will obtain a solution for two 
intervals. If then the same reasoning is applied as in (8), (9) and (11), concentration in 
the second interval will be found to be given in the fom 


where 
= exp (2:2 Ab). 


For n intervals (n = t / At), we will obtain a general solution: 
4 


x 


Qo exp 


Cr (x;, 


] 
Dig, (PiPaPs Aids An_y 


with p,, = exp (2eA ft) andAt = “F., 


With the aid of formulae (14) it can be shown that 


| 
A,AgAs... An—1 Pn = 2D Pa + 


n Pi PiPe 


\ 


n m 
= lim — —. 
i= m= - 


In accordance with the solution, one must put 


n 
| 
lim k, — > 
[] Pe 
k=! 


k=] 


In the calculations it was taken that 


Pr =exp AZ). 
The magnitude €, will be found after further transformations. 
In a general case, the dependence of creep deformation on time [4] is in the form 
=8 


where a and B are some constants, with0<a< 1]. 


Then 
e = Ba ‘hehe 


30 
At Qo 
Ce P Atps (1 + py) 
=D 
where 
ham — {1 (14) 
m n m 
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and for the kth interval, i.e. for the instant of time k At, we obtain 
Substituting this expression in (16) and performing suitable transformations, we obtain 


Pe = exp et) 


Substituting expression (17) in equality (15), it is possible to determine: 
(a) the limit of the first factor 


n n 
lim T] exp =lim exp = = 


where A ky <— 
With a sufficiently large n, summation can be replaced by integration. After transformation 


we obtain 
(18) 


co co 


k=l 


lim n exp ki exp {2s lim 


1 


represents the sum of the areas of triangles remaining as a result of transition from 
summation to integration. It can be shown that 


lim = (+ a—] + (a — 1) (a — 2) +...) +0. 


n+ ee n* 2 


Taking into account this last result and carrying the integration in expression (18), we 
obtain 


n 
lim exp )> exp (2e); (19) 
ky=1 
(b) in a similar way it is possible to determine the limit of the second factor in expres- 
sion (15) 


m=| k= m=} k=! 


where Ak = el. 
With a sufficiently large value of n, it is possible to find within the range of l-na 


number j, which is much greater than unity but much smaller than n, i.e. 


We will carry out the summation in expression (20) in two stages, namely from m = 1 to m= j, 
and from m =j tomen,. 


31 
VOL. | 
7 
1959 


Determination of the diffusion coefficient 


i om 
m=1 m=! k=! 


+ lim exp Ak) Am. 
k=! 


In this expression, the first term may be ignored because it is smaller than j/n €1. In the 
second term, integration may be substituted for summation. Reasoning along the same lines as 
for case a, we obtain 
n m 9 n 
exp( k lim itt )dm + 


mail 


+ an infinitely small quantity 


It can readily be demonstrated that the right-hand side of the expression represents the 
mean in time of the function exp(-2€) 


t 


lim exp dm = exp [— dt = [exp 


Substituting expressions (19) and (21) in (15), we find the required magnitude 


f 
a(e) = exp (2e) [exp = exp 2e(t)} dt. 
0 


For the particular case (at a= 1), corresponding to steady creep, after integration of 
expression (22), we obtain 


a(e) = 


For 0< a@<_] the solution may be obtained in the form of the series 


a (e) = exp (2s)(I we) (24) 


In Fig. 1 are shown the curves of a(e€) for the cases of a= 1 and a= 1/3, which are most 
frequently encountered in practice, for € <Q (the sign of deformation in the direction of 
diffusion must be taken into consideration), plotted with formulae (23) and (24). 

When fitting an analytical function to an existing experimental curve of € = e(t) presents 
difficulties, a correction factor a(e€) can easily be calculated from formulae (14) and (13). 

For this purpose, the whole duration of the experiment must be divided hypothetically into 
a number of equal intervals (e.g. 10) and the value of Ayo found. Then, according to (13) 


1)” 


Thus, according to expressions (22), (15) and (13), the final solution may be written in the 
form 


32 
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2 


t 


exp [— (t)]} at) 


7 


exp |— 2 (t)] a 


where x) is the co-ordinate which changes during deformation and is measured by layer removal; 
t, is the duration of experiment; D is the required diffusion coefficient; e€(t) is the 
actual deformation. 

Up to now, the method of layer removal has been disputed. Eowever, a similar error arises 
also in the method of diffusion absorption [2]. This is evident from the following. 

The experiment determines a lowering of activity according to the formula 


(x, t) exp (— px) dx, 


In plastic deformation, the function c*(x,t) becomes transformed into a function e(x,,t), 
which’ is determined with equality (25). If this is taken into account and the thickness of 
the initially deposited layer is ignored, the principal formula in the method of diffusion 
absorption can be presented in the form 


(26) 


where 


t 


Z =p exe [— 2s (t)]} dt, 
fe 


and ®(z,) is Kramp’s function. 
Here, I, and I are the activities before and after the experiment, respectively; fis the 


absorption coefficient; k is some constant. 
In investigation [5], in which the diffusion coefficient was determined in plastic deforma- 


tion by the above method, this variation of the principal formula was not taken into account, 
and consequently the results quoted contain an additional error and are thus too low, The 
extent of the error, however, could not be assessed, because the paper provides no information 


on the duration of the experiment or on the magnitude of deformation. 
In conclusion I wish to express my gratitude to L.M. Shestopalov anu Ia.S, Ufliand for 


examining the manuscript and valuable comments. 
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1. In 1929 Weiss [1] discovered a magnetic 
anomaly in magnetite, namely that at 120°K 
there was a rapid drop in the intensity of 
magnetization, Later it was found that at 
this temperature there is a discontinuity in 
the heat capacity [2], a sharp change in 
electrical resistanee [3], and also a change 
in the magnetic symmetry of magnetite [4]. 
Above 120°K magnetite has the cubic spinel 
structure, with four directions of easy 
magnetization along the trigonal axes of the 
[11i] type, while at 78°K the structure is 
orthorhombic with one direction of easy 
magnetization along the orthorhombic axis 
[5]. 

The magnetic anisotropy energy changes 
appreciably on cooling. The first constant 
of anisotropy K,, which mainly determines the 
value of this energy, on lowering the temper- 
ature from 300 to 120°K changes from -2 x 10° 
erg/cm? to zero, On decreasing the tempera- 
ture the value of the constant sharply 
increases [6], and at 80°K the magnetic 
anisotropy energy constant becomes in 
absolute value appreciably greater than at 
room temperature. 

Domenicali [7] has shown that the size of 
the intensity of magnetization discontinuity 
at low temperatures depends on whether the 
specimen of magnetite is cooled inside, or 
external to, a magnetic field. Cooling the 
specimen under the influence of a field 
lessens the size of the jump. 


Bozorth [4] explained this phenomenon by 
saying that in a specimen cooled in a magetic 
field, when the magnetic symmetry changes 
easy magnetization is stimulated in the 
direction of the applied field or close to it, 
that is, in point of fact a magnetic texture 
is created. So in the specimen, magnetization 
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proceeds most easily by way of the process of 
boundary displacement. 

In a specimen cooled without a field, 
different parts of the crystal show different 
directions of easy magnetization, that is 
from the magnetic viewpoint the crystal 
appears polycrystalline. So in a large part 
of the crystal, magnetization goes by a 
difficult process, rotation, which lowers the 
intensity of magnetization. 

2. The aim of the present work is the study 
of the magnetic properties of magnetite in 
the range 75-100°K, and of the effect of the 
change in sign of the magnetic anistropy 
constant above the transformation temperature 
on its magnetic properties at lower tempera- 
tures. 

We have investigated the relation between 
the magnitude of intensity of magnetization 
at temperatures below 100°K and the conditions 
of cooling. Investigation was made of a 
natural single crystal of magnetite in the 
form of a rhombohedron, in a swing magneto- 
meter [7, 8] (Fig. 1). The specimen is 
placed inside the measuring coil /.. On appli- 
cation of a non-uniform magnetic field 
between the poles of the electromagnet 2 the 
specimen and coil are deflected from the zero 
position. A current may be passed through 
the measuring coil, and its direction and 
size chosen in such a way that the movement 
returns to the zero position. Then the 
magnetic moment of the coil is equal to the 
magnetic moment of the specimen, The field 
due to current passing through the measuring 
coil does not exceed 0.5% of the external 
field and so, within the limits of accuracy 
of the measurements, does not change the 
magnetic moment of the specimen, The 
deflexion of the movement is observed from 
the direction of a ray of light reflected 
from mirror 3 attached to the top of the 
movement. 
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Oscillations of the movement are damped by 
the oil damper 4, which consists of two glass 
cups full of vaseline in which are placed two 
disks rigidly attached by rods to the move- 
ment. The vaseline has been previously 
degasified in a vacuum under the cowl 9. To 
avoid parasitic oscillations which might 
arise due to air convection the complete 
balance is placed in a vacuum of about 1071mm 
Hg. The lower part of the balance, enclosed 
in a copper tube, is placed in a Dewar flask, 
in which the desired temperature is main- 
tained. The electromagnet may be tumed 
around the vertical axis. 

3. The specimen, in which the [100] axis 
coincided with the axis of the coil, was 
cooled from room temperature to 75°K in an 
external magnetic field of about 400 oersted. 
Due to the large demagnetizing factor cf the 
specimen the intensity of the internal field 
was appreciably less. The temperature — 
magnetization curve is shown in Fig. 2 
(cooling curve A). At a temperature of 75°K 
the magnetic field goes over to anti-parallel. 
As. is seen from curve C, the intensity of 
magnetization here decreases and only at 
110°K again reaches the normal" value. The 


--4r---+4 


Cross-section 


Fig. 1. Layout of the swing magnetometer: 

1 — measuring coil; 2 — poles of electromagnet; 
3 —mirror; 4 -0il damper; 5 - specimen of 
magnetite; 6 — moving load for adjustment of 
centre of gravity; 7 — balance supports; 

8 - argentan tube; 9 - vacuum cover. 


magnetization decreases not only on rotating 
the field, but also simply by switching off 
for a short time at 75°K. In this case the 


change in magnetization is less than on 
rotating the field (Fig. 2, curve B). 

Similar results, only with smaller changes of 
magnetization, are observed for specimens in 
which the [111] axisis placed along the axis of 
the coil. In both casesthe sizeof the magneti- 
zation jump is appreciably less than for a speci- 
men cooled without a field (Fig. 2, curve D), and 
for specimens cooled in a magnetic field 
applied along the [010] direction and heated 
in a perpendicular field, in the [100] direc- 
tion (Fig. 2, curve £). 


S 


Intensity of magnetization 
S 
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Fig. 2. Temperature curve for intensity of 
magnetization of magnetite parallel to the [100 ] 
axis on heating from 75°K in a field of 400 
oersted; specimens A, B, C and E were previously 
cooled from room temperature to 75°K in a similar 
field parallel to the [100] axis: A - specimen 
heated without change of conditions after cooling 
(field not switched off or direction changed); 

B — specimen heated after a 3 min cut-off of 
field of opposite direction; E - heated ina 
field along the [010] axis, i.e. in a field 
perpendicular to the field on cooling; 

D — specimen cooled without a field, heated ina 
field. 


| 
195 


Magnetic anomalies in magnetite 37 


This latter is achieved hy cooling the 
specimen in a field perpendicular to the axis 
of the measuring coil, and heating it ina 
parallel] field, by tuming the electromagnet 
through 90° about the vertical axis. 

The mechanism of the change in magnetization 
on rotating the field may be presented in 
the following way (Fig. 3). At room 
temperature in a field of 400 oersted, the 
magnetization of the magnetite becomes equal 
to q, (point A_). If with the given fixed 
field we decrease the temperature, the 
magnetization will increase, since the 
anisotropy energy decreases [6], and at about 
120°K the magnetic anistropy constant becomes 
equal to zero, and consequently the magneti- 
zation reaches its highest value of I, (point 
Ay). For further cooling of the specimen, 
even though a new single-axis magnetic 
symmetry is created with a larger anisotropy 
constant, the magnetization remains prac- 
tically constant and approximately equal to 
I,. If at 75°K the field is switched to 
anti-parallel, the magnetization of the 
magnetite reaches the value I, (point B) for 
which < |/,|, since the magnetization I, is 
attained for K, =0, and I, for K > 0, as in 
fact we observe experimentally (see Fig. 2, 
curve C). 


J 
| 
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Fig. 3. Change in intensity of magnetization 
of magnetite on rotation of the field and on 
short-duration cut-off at 75°K. 


The magnetization change process for a 
short-duration cut-off of the field is 
explained in the same scheme. On cooling the 
magnetite in the magnetic field the magneti- 
zation, as in the previous case, reaches the 
value T,. On switching off the field the 
magnetization I, is left, and after switching 
on the field in the same direction at 75°K, 


due to the increased energy of anisotropy, an 
intensity of magnetization of I, (point A) 
is reached, less than the initial I, (see 

4. It has been shown earlier [9] that the 
size of magnetization jump for magnetite 
depends appreciably on the temperature at 
which the magnetic field is applied on cool- 
ing the specimen. The investigation was 
carried out for a specimen with unknown 
crystallographic directions. 

In the present work measurements were made 
on a single crystal with a field applied in 
the directions [100] and [111]. Thus in the 
first case the field was applied in a direc- 
tion which at room temperature is a direction 
of difficult magnetization, but at 100°K 
becomes a direction of easy magnetization, 
and in the second case the order is reversed. 
Switching on the magnetic field when cooling 
the magnetite in the interval from room 
temperature to 100°K does not change the 
temperature-magnetization curve for magnetite 
on subsequent heating from 75°K, In such 
cases the curve always coincides with the 
curve A (Fig. 4), which corresponds to cool- 
ing in a magnetic field from room temperature. 

Switching on the magnetic field when cool- 
ing of the magnetite below 75°K also always 
gives a single temperature-magnetization 
curve E on Fig, 4). In this case we observed 
correspondence with the results of experiments 
in cooling magnetite without a field and 
switching on a magnetic field only on heating 
from 75°K or lower. Consequently the size of 
the magnetization jump in all these cases was 
the same. If the magnetic field was switched 
on during the cooling process in the range 
100-85°K, then the size of the magnetization 
jump at 75°K was smaller, the closer to 100°K 
the magnetic field was switched on. The 
field once applied in the cooling process, 
was not switched off till the end of the 
measurements, i.e. remained switched on for 
the whole time of cooling and subsequent 
heating. The temperature range, in which 
switching on the magnetic field during 
cooling has an effect on the size of the 
magnetization jump, corresponds to the range 
between the initial and final temperatures 
of magnetization jump of specimens cooled 
without a magnetic field, that is 75-115°K. 
It is evident that this phenomenon is not 
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affected by the fact that the magnetite 
anisotropy constant goes through the zero 


value, as was the case on rotating the field 
at 75°K for specimens cooled in a magnetic 
field. 


120, 


Intensity of magnetization 
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Fig. 4. Temperature-magnetization curve for 
magnetite on heating from 75°K in a field of 400 
oersted parallel to the [100] axis. In the 
cooling process the field was switched on at 
temperatures of: A, 290°; B, 95°; C, 90°; 

D, 85°K; for E, specimen cooled without field, 
heated with field. 


The dependence of the size of the jump on 
the temperature of switching in the magnetic 
field, evidently, may be explained by the 
non-uniformly stoichiometric composition of 
the specimen throughout its volume. Verwey 
and Hayman [10] found that the temperature at 
which a jump in electrical resistance 
occurred, and the size of this jump, depends 
on the stoichiometric composition of the 
magnetite. If the assumptions we have made 
are correct, then the dependence of the 
magnetization jump on the field switch-on 
temperature may be explained by saying that 
on switching on at 100°K or higher, magnetic 
texture is created throughout the volume of 
the crystal (in all the volume the orthor- 
hombic axis is formed in the direction of the 
field). Switching on the field below 75°K 


cannot create the texture, since throughout 
the whole volume of the crystal the transition 
from cubic to orthorhombic symmetry has been 
completed. Application of the field in the 
given temperature range during cooling creates 
magnetic texture only in those parts of the 
crystal in which, due to the stoichiometric 
composition, the change in crystallographic 
and magnetic symmetry has not been able to 
proceed. Naturally, the closer to the upper 
limit the field is switched in, the greater 
the part of the crystal in which magnetic 
texture is created, and consequently the 
smaller the magnetization jump that is 
observed on heating. 

It is possible that the effect described is 
partially due to the non-uniformity of mag- 
netization of the specimen throughout its 
volume, due to its rhombohedral form. 

We wish to express our thanks to Ye.S. 
Borovik for his participation in discussion 
of the results of this work. 


CONCLUSIONS 


a. On rotating the magnetic field, and on 
simply switching it off for a short while, in 
the region of 75°K the intensity of magneti- 
zation of magnetite, previously cooled in a 
magnetic field, decreases, This is evidently 
due to the fact that the anisotropy constant 
at 120°K and below is sharply increasing from 
its zero value. 

b. The size of the magnetization jump for 
magnetite below 100°K depends on the tempera- 
ture at which the field is applied during the 
cooling process. This effect, it appears, is 
caused by the non-uniformly stoichiometric 
composition of the specimen. 


Translated by D.G. Noel 
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DEFECTOSCOPE INVESTIGATIONS OF RAILWAY RAILS IN 
MOVING MAGNETIC FIELDS 
15. SPECTRA OF THE SIGNALS FROM CERTAIN DEFECTS* 
V.V. VLASOV and G.G. USHAKOVA 
Institute of Physics of Metals of the Academy of Sciences of the U.S.S.R. 
(Received 26 February 1959) 


The signals from defects on inspecting 
rails in a moving magnetic field are, as we 
know, e.m.f, pulses which are led into the 
search system of the defectoscope [1] at the 
moment it passes over the defective part of 
the rail. The form of the pulse depends on 
the degree of development of eddy currents, 
and also on the character of the defect and 
its position in the head of the rail [2, 3]. 
The duration of the pulse is determined hy 
the speed of the control apparatus, 

The spectral composition of the signals met 
with in speed defectosconpy of rails, as far 
as we know, has not been studied, We have 
made an experimental investigation of the 
spectral composition of the three most common 
types of signal in rail defectoscopy, due to 
transverse and longitudinal cracks in the 
head of a rail, 


METHODS OF INVESTIGATION 


Analysis of the spectrum of a periodic 
electrical phenomenon is carried out with the 
help of an electronic analyzer. However the 
signals in which we are interested are 
separate non-periodic pulses from the defects, 
and determination of the spectra of these, 
using experimental means normally met with in 
laboratory practice, presents wel ]-known 
difficulties. So in study of the spectrum of 
a separate non-periodic pulse we normally use 
periodic repetition of the form of pulse 
studied. 

Such a substitution is based on the 
available relation between the spectrum of a 
separate pulse and the spectrum of a periodic 


* Fiz. metal. metalloved., 7, No.6, 837-841, 1959. 


series of them [4]. The essence of this 

relation is contained in the following. 
A single non-periodic pulse € (t) is 

described by the Fourier integra] 


e(t) = x S (w’) exp (iw’t) dw’, 


where 
+c 


S(o')={ e(t) exp (—iw't)dt— (1) 


is the spectrum of the pulse ¢(f). a o’= 
= is frequency). 

If the non-periodic pulse is repeated 
periodically, that is, after every interval 
of time J, then we get a certain periodic 
function g(t), which is described with the 
help of a Fourier series 


+0 
g(t) = Anexp (ik 


Rea 


T 2 
(t) exp (— ikwt)— (2) 

2 
is the complex amplitude, characterizing the 
spectrum of the periodic functions, and 
= 27f and f 

We should note that the pulse €(t) is 
characterized by the complex spectrum S(@ ), 
while the function g/t) has a discrete spec- 
trum. 

The pulse €(t) is of comparatively short 
duration. It is equal to zero everywhere 
except in a certain interval of time 
0 <t>7, for whicht <T. On this basis 
relation (1) can be written in the following 
form: 


A, = 
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(3) 


The pulse €(t) and the function g(t) within 
the limits of -T/2 to +7/2 are identical. 
Comparing on this basis expressions (2) and 
(3), we find 


A, = S(o’) (4) 


for a certain value of the argument, namely 


w’ = 2r ®, 
T 
where T, as we have indicated above, is the 
repeat period of the pulse € (t). 

Thus the curve of the complex spectrum is 
a geometrical locus of points TA,, character- 
izing a line spectrum of a periodic series 
of pulses, formed ty repetition of the pulse 
examined. If the repeat period T is increas- 
ed, then the points TA, relating to the line 
spectrum, situated on the curve S(e€’), will 
evidently position themselves on it closer 
and closer until they form a curve corres- 
ponding to S(w}. In this case the Fourier 
series becomes a Fourier integral. 

In the study of the spectrum of the e.m.f. 
pulses being introduced into the search 
system of the defectoscope, the relation 
examined here between spectra of non-periodic 
pulses and the spectrum of a periodic series 


of them was used, The investigation was 
carried out using a model [5,6]. The layout 
of the experimental apparatus is shown in 
Fig. 1. A “model” of the rail is rotated 
under an electromagnet which is fed from a 
d.c. source. An artificial defect was used 
for investigation in the form of a trans- 
verse cut in the head of the model rail [2]. 
In the space between the poles of the 
electromagnet close to the head of the rail 
is put the search coil, the plane of winding 
of which, as in the wagon-defectoscope, is 
perpendicular to the direction of movement. 
The pulses of e.m.f. developed in this coil 
when the defect in the rail model passes 
under it, are amplified by a double-cascade 
resistance amplifier and passed to a magneto- 
electric oscillograph for study of the pulse 
forms, and then to a ASChKh-1 spectral analy- 
zer [7]. The form and spectrum of the pulses 


are recorded on cine-film, Scanning in the 
analyzer is at the rate of 200 c/s., and the 
spectral analysis time is 45 sec, 


Spectral 


Loop 
analyser 


osc!itator 


Amplifier 


| | 
\ 


Fig. 1. Layout of experimental apparatus. 

In order to separate the pulse studied from 
a collection of pulses created by different 
defects, an uncomplicated device was used to 
short-circuit the amplifier input when all 
defects except the one being studied were 
passing under the search coil. The short- 
circuiting device consists of two conducting 
rings in electrical contact. In one of the 
rings is inserted a small non-conducting 
segment (coloured black in the drawing). 

The basis of the short-circuiting device 
is as follows: When the brushes are sliding 
on the conducting parts of the ring, the 
amplifier input is short-circuited and the 
e.m.f. does not pass into the amplifier 
input. However, when the non-conducting 
segment comes under the left-hand brush the 
amplifier input is opened and consequently 
the e.m.f. passes into it. It should be 
noted that the ring with the. non-conducting 
segment can be placed in any position rela- 
tive to the rail model. 

The relation between the repeat period of 
the pulses T and the duration of the pulse 
+r is about 50-60. For satisfactory results, 
as the work of Whiteley and Alldredge [8] 
has shown, we must have 7/t > 40. 

Results of an investigation given below 
relate to the case of magnetization of rails 
by the field of a moving electromagnet in 
conditions similar to those which occur in 
the experiments with the model of the 
electromagnetic phenomena developed in rails 
on magnetization by a moving field is based 
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upon the similarity criterion [5] 
vl = idem, (5) 


where Ho is the magnetic permeability of a 
vacuum; pis the relative permeability of 
material of the specimen; ¥ is electrical 
conductivity; v is the relative speed, and 
l is the linear dimension of the system, 
However, the spectra in which we are interes- 
ted consist of groups of harmonic components. 
Frequency does not appear explicitly in the 
similarity criterion (5). Similarity of 
periodic phenomena is characterized by a 
similarity criterion of a different form [9]. 


= idem, (6) 


where f is frequency. 

Thus the similarity criterion (5) allows us 
to fix the speed of the field source rela- 
tive to the rail from the results of the 
model studies, and criterion (6) the fre- 
quency components of the spectrum from a rail 
defect by the spectra of signals derived by 
making models of the phenomena, The criteria 
given here are essentially identical. This 
becomes obvious if we put T= 1/v and f = 1/T. 


RESULTS OF THE EXPERIMENT AND 
THEIR DISCUSSION 


The pulse forms and the spectra relating 


to them are given in Figs. 2,3. In Fig. 2a 
is shown the pulse corresponding to a trans- 
verse crack in the head of the rail. A 
similar pulse, differing from that given by 
a phase difference of 180°, corresponds to 
a lengthways horizontal crack. The pulses 
shown in Fig. 2b, c correspond to transverse 
cracks. In the spectra given in Fig, 3a-d, 
along the axis of ordinates the spectral 
characteristics, that is the function S(f’), 
are given, and along the axis of abscissae 
its argument, that is the frequency f’ 

The function S(f’), as we see from Fig. 3a-d, 
increases regularly with increase of the 
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argument, reaches a maximum at a certain 
frequency and then decreases again. 

The size of the maximum of the function 
S(f‘)in Fig, 3a-d is determined by the 
energy of the initial pulse, which also leads 
to different amplitudes of the pulses in 
Fig. 2a-c, but however, this is not of real 
significance since signals met with in 
practice have widely differing energies. 

The frequency fae corresponding to the 
maximum of S(f‘) for rail defects, according 
to our calculations, is equal to 80, 70 and 
90 c/s for symmetrical, unsymmetrical, and 
complex pulses respectively. 

Thus the basic frequencies of the spectra 
are exceedingly close to one another, in 
spite of a quite appreciable difference in 
the forms of these signals. 

We note that the basic frequencies we have 
derived are quite close to the frequencies 
met with in practice [8], found from the 
duration of signals from transverse defects. 

On increasing the rate of movement of the 
defectoscope the spectrum of a signal, as 
we see from a comparison of Figs. 3a, b 
changes somewhat, the maximum of S(f') being 
displaced onto the high-frequency side, and 
the whole spectrum as it were is diffused due 
to the increase in the high-frequency com- 
ponents after the maximum of this function. 


CONCLUSION 


The frequencies corresponding to maximum 
spectral density of signals from defects, at 
one and the same speed of defectoscope, are 
practically the same, in spite of the dif- 
ference of the signals created by the defects. 
The spectrum of a signal changes with increase 
in defectoscope speed, the spectral density 
maximum being displaced onto the high- 
frequency side, and the whole spectrum 
is diffused due to the growth of the high- 
frequency components of the spectrum. 


Translated by D.G. Noel 
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Fig. 2. Signals from a transverse crack in the head of a rail: 

a - symmetrical pulse (an analogous pulse, differing in phase from 
this one by 180°, corresponds to a longitudinal crack in the head of 
the rail); 6 - unsymmetrical pulse; c - complex pulse. 


b 


Fig. 3. Spectra, i.e. the dependence of S(f‘) on the frequency 
argument f’: a - for a symmetrical pulse and a defectoscope speed 

of 16 km/hr; 6 - for a symmetrical pulse and a defectoscope speed 
of 43 km/hr; c - for an unsymmetrical pulse and a speed of 43 km/hr; 
d - for a complex pulse at 43 km/hr. 
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The use of a high-temperature vacuum X-ray camera in conjunction with a sharp- 
focus tube is an exceedingly promising method for the study of phase transfor- 
mations at elevated temperatures. In the present work the intermediate phase 
change of austenite in alloy steel of type 18KhNVA was studied. Below are given 
some of the results of studies of the effect of the partial transformation 7 > 2 
during isothermal holding in the temperature range 250-450°, on the structure of 


austenite. 


MATERIALS AND METHODS OF INVESTIGATION 


In order to get reliable information 
concerning the kinetics of austenite 
decomposition in the intermediate region and 
the condition of the Y- and a-phases in the 
process of transformation, it is necessary to 
exclude the influence of: the martensitic 
transformation of Y-phase at the isothermal 
holding temperature, the effect of repeated 
heatings and so on. In this connexion it is 
convenient to carry out investigations with 
the high-temperature camera, which permits 
heat treatment (heating, high-temperature 
exposure, cooling and isothermal holding at 
appropriate temperatures) directly in the 
camera, so that we can use X-ray methods to 
record separate stages of decomposition of 
austenite in the intermediate region. 

We constructed a high-temperature Debye- 
type X-ray vacuum camera, with which both 
flat and cylindrical specimens could be used 
at 20-1100° in a vacuum (107% to 1075mm Hg). 
The camera is shown in Fig.1. The camera 
consists of a water-cooled casing with a slit 
for the free access of incident and reflected 
X-rays. The slit has a height of 4 mm and is 
closed with a cellophane ribbon, The upper 
part of the casing is covered by a flange, on 


* Fiz. metal. metalloved., 7, No.6, 842-846, 1959. 


Fig. 1. The high-temperature vacuum X-ray camera. 
1. Camera casing; 2. Camera base; 3. Heater; 

4. Specimen holder; 5. Stage; 6. Rod; 

7. Vacuum inlet for rod; 8. Current leads; 

9. Slit in camera body; 10. Upper flange. 


which is mounted a vacuum inlet with an oi] 
seal for the rod and current leads, The 
specimen is heated hy two molybdenum heaters, 
attached by a special mounting to the rod and 
positioned vertically with a clearance 
between them of 5 mm, 

This construction allows the heaters to be 
freely moved relative to the specimen and 
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X-ray studies of austenite 


this hastens its heating and cooling, The 
camera is supplied with a serial cassette 
containing five frames, 

The X-ray source is a sharp-focus tube 
constructed by Pines [1] with an iron anode, 
The time of exposure for one frame is 10 
min, 

Steels of the 18KhNVA type, containing 
0.32, 0.70 and 1.20% carbon respectively with 
constant content of W(0. 98%), Ni (4.45%) and 
Cr {1.35%). These allays were investigated 
(conventional designations taken as 32KhNV, 
70 KhNV, and 120 KhNV) and were convenient 
for the investigation, since they exhibit 
pronounced intermediate transformations, 
practically no pearlite decomposition, and 
the incubation period and time of austenite 
decomposition is commensurate with the 
cooling time in the X-ray camera and the 


required exposure time [2, 3]. 
Strips 20 x 3 x 2 mm were made from the 


prepared melts and these fixed rigidly in 
the camera, The angle B between the surface 
of the specimen and the primary X-ray beam 
was normally 90°, The temperature was 
measured by a thermocouple, welded onto the 
steel strip by contact welding. 

The specimens were heated in the camera at 
the rate of 25-30°/min up to a temperature 
of 900-1100°, maintained there for 10-30 min, 
cooled down at 100-200°/min to 250-450° and 
then held isothermally for 3-6 hr, 

X-ray photos were made of a definite part 
of the steel specimen during the fixed high- 
temperature period and during the isothermal 
standing period in the intermediate region. 


The beginning of the 7~atransformation was 
established by the appearance of the (211) 
X-ray line of the a-phase, 

On heating the steel above A. it was found 
that the austenite line on the foray photo 
has an interrupted or uneven character or 
consists of separate more or less defined 
spots. Consequently the structural state of 
the austenite was characterized in the 
present work hy analysis of separate (311) 
interference spots of the y-phase, on the 
X-ray photo of the steel investigated. Form, 
size, as well as radial and tangential spread 
were measured at an enlargement of 10-12 
times. 

Qualitative analysis of separate inter- 
ference spots allows one to judge with high 
precision the state of the substructure of 
the metal and the processes going on in it 


[4-8]. 


RESULTS OF THE INVESTIGATIONS 


The austenite lines on the X-ray photos of 
the steel 32KhNV, heated to a temperature in 
the interval A Ko? 1000° had the following 
form: on the background of a continuous ring 
separate interference spots were visible. 

The intensity of the interference ring 
background decreased appreciably with 
increasing temperature. 

Spots on these X-ray photos, as a rule, are 
quite numerous and of quite large intensity 
(see Fig.3, frames 1 and 2). 

The austenite lines on X-ray photos of the 
same steel, heated above 1000° (see Fig.3, 


Fig. 2. Parts of the X-ray photes of a specimen of 
TOKHNV steel in the area of the (311) austenite line. 
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frame 3) consists of a smal] number of 
separately defined interference spots (the 
continuous ring background is absent. 

The appearance of the austenite interference 
lines is evidence of the recrystallization 
processes which go on in the Y -phase above 


At temperatures above 1000° the collective 
recrystallization of austenite proceeds quite 
actively, leading to the formation of large 
slightly deformed crystallites of the 
Y-phase, The total disorientated-fragment 
region in the crystallite, found by methods 
described in [8], is 15 to 25". 

In the investigation of steels with a 
higher carbon content (7OKHNV and 120KhNV) 
yields results comparable with those described 
above. The appearance of the austenite 
interference lines on the X-ray photo is of 
the same character as for the 32KhNV steel, 
We should note that the collective recrystal- 
lization process goes on even at temperatures 
somewhat below 1000° (see Fig. 2, frame 1), 

The X-ray results are in accord with 
results of microstructura] analysis, which 
also indicate the recrystallization process 
going on in austenite. 

In the investigations of steels during the 
isothermal holding treatment at 250-450° for 
3-6 hr, three processes were observed; the 
y >a transformation, going on at great 
speed, the very slowly developing austenite 
transformation, and finally the practically 
complete absence of decay during the whole 
time of holding. 

In 32KhNV steel the transformation process 
in the intermediate region occurred rapidly 
and immediately took up a large volume, The 
development of the 7 ~ 2 decay caused 
appreciable changes in the interference 
pattern; the lines of the Y-phase, 
previously granular, become continuous, of 
low intensity, with a scarcely noticeable 
contraction. At certain temperatures of this 
steel] it was not even possible to make X-ray 
records of the incubation period. All this 
made it more difficult to establish the 
character of the changes in the austenite 
substructure during intermediate transfor- 
mation, 


With this in view the most suitable steels 


were the 70KhNV and 120KhNV, particularly at 
low temperatures (250-300°). 

In Fig.2 are shown tenfold enlargements of 
parts of the X-ray photos in the region of 
the (311) line of the Y-phase of 7OKhNVA 
steel, The interference pattern in the first 
frame gives the state of austenite at a 
temperature of 900°, and those which follow, 
the state of the ¥-phase at a temperature of 
275°, Under each frame is shown the time 
which has elapsed up to the beginning of the 
exposure of the photo, 

For the photos taken on isothermal holding 
(frames 2-14, Fig. 2) there is a characteris- 
tic change of the interference pattern with 
elapsed time, which is particularly marked 
after a certain time (see frame 7 of Fig. 2). 
The lines of the @-phase are detected only 
after half-an-hour’s holding, that is 
approximately at the time when a more sub- 
stantial change in the interference spots is 
observed. It is evident that this half-hour 
should be related to the incubation period, 

Thus it is possible to follow the substruc- 
tural changes going on in austenite both in 
the incubation period and during the time of 
the ya decay. 

X-ray photos taken during the isothermal 
holding differ very markedly from those of 
the initial states of the steels. This is 
evidence that even during cooling to the 
intermediate region temperature processes are 
going on which are causing changes in the 
substructure of the austenite, 

In the incubation period the interference 
pattern changes in the first ten minutes (see 
frames 2 and 3 of Fig. 2), and then for a 
protracted time remains almost unchanged. 

The arrow shows a group of spots which can 
be conveniently followed during the course of 
the whole 3-hr holding. 

In accord with the development of the 7 > a 
transformation the spots spread in tangential 
and radial directions and change their 
intensities (see frames 7-14, Fig. 2). In 
addition, the disappearance of certain spots 
is observed or the appearance of new ones, 

The changes in the interference patterns 
described above reflect directly the proces- 
ses going on in the substructure of austenite, 
The spreading of the spots that we see tells 
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us of the breaking down of the crystallites 
into finer structural] elements (blocks and 
fragments), and of the degree of disorien- 
tation (increase in mosaic angle) and also of 
the development of non-uniformly strained 
states (development of microstrains), 

The structural changes going on in austen- 
ite during the intermediate 7 > a transfor- 
mation and expressed in all the interference 
effects listed above, are qualitatively 
similar to those changes which go on in the 
structure of metals during plastic deforma- 
tion and creep [4-6], during relaxation of 
stresses [7] and also during the forward and 
reverse martensite transformation in alloys 
[8]. 

In Fig. 3 are shown parts of the X-ray 
photos in the region of the austenite (311) 
line of steel 32KhNV. 


1000° 


Fig. 3. Parts of the X-ray photos of a specimen 
of 32KhNV steel in the region of the (311) 
austenite line. 


X-ray photos were taken during the course 
of 3 hr at 450° (frames 4-9 of Fig. 3). 
During the course of the entire holding 
period the a-phase lines were not detected. 
From this and results of the work [3] we 
conclude that at this temperature the 7 > a 
decay does not take place. As is seen from 
the photographs in Fig. 3 (frames 4-9), 
during the entire time of isothermal holding 
only insignificant changes are observed, 
shown in the increase of separate spots and 
in the decrease of their radial spread. 

In this case, as described above for 


TOKHNV steel, the X-ray photos taken during 
the isothermal standing period differ from 
those of the initial high-temperature state 
of austenite, 

In the present investigation we observed 
in a series of cases a clearly expressed 
tangential spread of the interference spots 
(0. 40-0. 50 mm), which was observed after 
rapid cooling (by 100 or more degrees). The 
spots on the X-ray photos of the initial 
states of the austenite had, as we have 
already indicated, a circular form, or were 
slightly spread in a tangential direction 
(0.15-0.25 mm), Such a spreading of spots 
is-observed also with the rapid cooling of a 
large-grained nickel standard. On holding 
for a short time at elevated temperatures 
this spread disappears, however the inter- 
ference pattern differs none-the-less from 
the initial state. 

The changes in interference patterns we 
have mentioned reflect changes in the 
substructure, caused evidently by rapid 
cooling, 


CONCLUSION 


1. The method we have worked out allows us 
to carry out heat treatment directly in the 
X-ray camera; this allows us to record by 
X-ray methods the separate stages in the 
development of the a transformation 
process in the intermediate region, 


2. On the basis of the analysis of separate 
(3f1) interference spots of the Y-phase it 
was established that the isotherm] trans- 
formation of austenite in the intermediate 
region leads to change in its substructure, 
This change consists of the breakdown of the 
crystallites into finer structural elements 
(blocks, fragments) and their disorientation, 
and also to the development of microstrains., 
These structural changes in austenite are 
similar to those which arise in the structure 
of metals during plastic deformation, or 
during the direct or reverse martensite trans- 
formation, 


Translated by D.G, Noel 
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THE ANISOTROPY OF CRYSTALLITES AND THE STRUCTURE OF 
THE DEBYE RING FROM A STRESSED SPECIMEN* 
G.I. AKSENOV and V.A. MOSHCHANSKII 
Zhdanov Polytechnical Institute of Gorki 
(Received 31 October 1957) 


An account is given of results of an analysis of the conditions for reflection 
of monochromatic X-rays from atomic planes in a linearly-stressed polycrystalline 


aggregate. 


The experiment almost completely corroborates theoretical calculations and 
allows substantial conclusions to be drawn about X-ray measurements of residual 


stresses of the first kind. 


In 1929 one of the authors of the present 
article produced a theoretical analysis of 
the conditions of reflection of monochromatic 
X-rays from atomic planes in a linearly- 
stressed polycrystalline aggregate, It was 
established that elastic deformation of a 
polycrystalline aggregate must be accompanied 
hy a displacement of the Debye lines on the 
X-ray photograph [1]. In 1934 this theoreti- 
cal analysis was extended hy taking into 
account the anisotropy of the elastic proper- 
ties of the crystallites. It was shown that 
the Dehye lines on the X-ray photo must under 
these conditions be displaced and made wider. 

The elementary formula for displacement of 
the Debye lines, 

6 


A§=2 tan— , 


d—-d 
d 2 


derived from the Bragg equation, states that 
the magnitude of the displacement is 
directly proportional to the size of the 
relative deformation and to the size of the 
angle of glide. 

By using tensor concepts, it is possible 
to transform this formula so that in it will 
be expressed the relation between the dis- 
placement of the Debye lines and the elastic 
constants of the given substance, the direc- 
tion in which displacements are measured, 
the angle of incidence of the X-rays and 
certain other factors. 


* Fiz, metal. metalloved., 7, No.6, 847-854, 1956 


An experiment carried out gave certain 
corroboration of the theoretical calculations, 
but it was noted, that “for an explanation 
of the full mechanism of deformation of 
separate crystallites in the specimen it is 
necessary to solve plane and volume problems 
and carry out systematic experimental tests 
of the theoretical conclusions” [2]. 

On the basis of the method given above we 
have completed theoretical calculations on 
the conditions of reflection of monochroma- 
tic X-rays, taking into accouft the aniso- 
tropy of elastic properties of the crystal- 
lites, for the (112) and (310) faces for 
iron and for the (511) face for aluminium, 

The theoretical calculation showed the 
following: 

(a) In deformation of the specimen by 
stretching, there must be a displacement of 
the Debye lines on the X-ray photograph, so 
that in place of the circle from an 
unstressed specimen we must get an ellipse 
with semi-axes a <b; the principal stretch- 
ing strain must be parallel] to the direction 
of the 6 axis, 

(b) Displacement of Debye lines in the same 
direction is different for different faces, 
Thus, for the (511) face the displacement is 
greater than for the (310) face; the lines 
of the (112) face are not displaced, 

(c) The displacement of the Debye lines 
increases with increasing strain in the 
specimens, 

(d) There must also occur thickening of the 
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Debye lines on elastix deformation; the 
degree of line thickening must be greater or 
less than its displacement, 

(e) The character of the thickening also 
differs; for the (310) face the greater 
line thickening is in the direction of the 
quadrant diagonals; for the (112) face the 
greatest thickening is along the vertical 
axis, and for the (511) face, along the 
horizontal axis, 

The experimental] tests of the theoretical 
calculations were made on an X-ray tube in a 
specially constructed camera for back reflec- 
tion photos. The camera consisted of a 
device in which one could get pure bending in 
different degrees and a cassette (in the form 
of a disk) by which one could record on the 
X-ray photo the complete Debye ring. 

As specimens, a steel mark 6052 ina 
standardized state, and duralumin, were used, 
Choice of the mark of steel and type of heat 
treatment were governed by the fact that for 
a steel] specimen the elastic limit is equal 
to 40-45 kg/mm? for satisfactory sharpness 
of Debye lines, The elastic limit for dura- 
lumin was equal to 20 kg/mm?, 

The strain created was measured by means 
of resistance gauges mounted on the test 
specimen in a Wheatstone bridge arrangement 
and previously calibrated with a tensometer 


» thin the elastic limit of the specimen. 
Steel 
6052 


Fig. 1. Displacement of Debye lines. The Debye 
ring, in the form of a circle for an unstressed 
specimen, becomes an ellipse on elastic deforma- 
tion, with semi-axes a <b. Thickening of the 
ring is seen. 


For each face the following X-ray photos 
were taken; the unstressed state; three 
photos with double repetitions for different 
stresses within the elastic limits; two 
beyond the elastic limits and one unloading 
photo, 

Measurement of the X-ray photos prepared 
gave the following results: 


1. Displacement of the Debye lines, 


The displacement of the Debye lines on 
elastic deformation (Fig. 1) gives an 
ellipse with semi-axes a <b. Numerical 
values of the Debye line displacements are 
shown in Table 1, 

From Table 1 it is seen that there is 
almost complete agreement of the size of 
displacement with that calculated theoreti- 
cally. 

It is interesting to note here that (also 
in correspondance with the theoretical 
calculation) the line from the (112) face 
is not displaced, and the Debye ring has the 
form of circle for both the unstressed and 
stressed states, Thus the Debye line from 
the iron (112) face is completely unsuitable 
for the measurement of residual and imposed 
stresses, 

With increase in stress the size of the 
displacement of the Debye lines from the (310) 
and (510) faces increases, but the direct 
relationship of increase of displacement 
breaks down near the elastic limit; beyond 
the elastic limits the Debye line displace- 
ment proceeds so that the Debye ring, ellip- 
tical within the elastic limits, degenerates 
into a line close to the periphery. 


2. Spread of the Debye Lines 


(a) The spreading of the Debye lines was 
investigated with a MF-2 microphotometer, 
Experiment showed that the observable 
anisotropy of spreading was exceedingly 
insignificant; so in all] cases the photo- 
metry was carried out only along the hori- 
zontal axis, 
(6) In Figs. 2, 3 and 4 are given the results 
of photometry of X-ray photos from the (112), 
(310) and (511) faces of specimens in 
stressed and unstressed states, here as the 
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TABLE 1. 


Numerical values of Debye 


line displacements 


Iron (310) face at = 20 kg/mm? 


Duralumin (511) face at = 10 kg/mm? 


Angle Line displacement s, mm 


in 


degrees Experimental 


Theoretical 


—_ Line displacement s, mm 
n 


degrees | Theoretical 


Experimental 


0.62 
0.58 
0. 49 


0 0.63 
45 0. 9 
90 0. 56 


0.67 
0. 60 
0. 56 


0 0. 59 
45 0. 57 
90 0. 53 


Note: 


graphs show, the distance between the 
doublet components remains constant all the 


time, 


& 


8 
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Fig. 2. Results of photometry of X-ray photos 
from the (112) face. Steel 6052. 0 Non-stressed 
specimen; Rest at a stress o of; 
1,10 kg/mm?; 2.20 kg/mm: 

4. 40 kg/mm?; 5.50 kg/mm; 

7.70 ke/mm?; 

Dotted line - graph from unloading photo. 


3. 30 kg/mm?; 
6.60 kg/mm: 


(c) With increase in stress the peaks get 
lower, and the trough between the peaks gets 
higher, which indicates the gradual growth of 
spread of the Debye lines. Here one should 
note that the spreading of the lines begins 
during elastic deformation, corresponding 
with theoretical calculations, and for cer- 
tain faces can be very great, up to the com- 
plete fusion of the doublet. Thus for the 
(310) and (112) faces, spread is such that 
the doublet, still resolvable close to the 
elastic limits, is completely fused beyond 
them. The (511) face gives a weak spread; 


Angle are read from the horizontal axis. 
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Microphotometer readings 


Fig. 3. Results of photometry of X-ray photos 
from the (310) face. Steel 6052. 0 Non-stressed 
specimens; Rest at a stress Oo of; 

1.10 kg/mm’; 2. 20 kg/mm’; 3. 30 ke/mm?; 
4.40 kg/mm?’ 5.50 kg/mmn?; 6.60 ke/mm?; 
Dotted line - graph from unloading photo. 
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the doublet is retained even beyond the 
elastic limits. 

(d) Photometry of the unloading photos, of 
specimens from which the external load had 
been removed after the elastic limit had 

been passed, showed (dotted lines in Figs, 
2,3,4) that the line spread had decreased, 
but not to the full extent, The doublet from 
the (310) and (112) faces, fully fused beyond 
the elastic limits, reappeared on the un- 
loading photos. However, the width of the 
resul ting line was somewhat larger than fér 
the initial state, This points to the pres- 
ence of residual deformations after the 
elastic limit is passed, 


DISCUSSION OF RESULTS 


1. The fact that the theoretical analysis 
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Fig. 4. Results of photometry of X-ray photos of 
the (511) face of duralumin; 0 Unstressed speci- 
men; Rést of stressoof; 1.5 kg/mm?; 2.10 kg/mm: 
3. 15 kg/mm?; 4. 20 kg/mm?: 5. 80 kg/mm’; 
Dotted line, graph for unloading X-ray photo. 


of conditions of reflection for monochromatic 
rays from atomic planes in a linearly- 
strained polycrystalline aggregate, taking 
into account the anisotropy of the crystal - 
lites, is in almost complete accord with the 


experimental investigations, shows suffi- 
ciently clearly that the individual proper- 
ties of the crystallites, that is their 
anisotropy, are fully retained in the poly- 


crystalline aggregate. Each crystallite, on 
deformation of the specimen, behaves like a 
single crystal. 

Within the elastic limits the stress field 
of the single crystals is non-uniform on 
going from one crystallite to another. 
Consequently the strain is discontinuous in 
going from one crystallite to another, if 
their crystallographic orientations are dif- 
ferent. Due to this a spread of the Debye 
ring is observed on X-ray photos from a 
stressed specimen, 

2. Complete correspondance of theoretical 
calculations with experimental results is 
not observed. This is explained by the fact 
that in the theoretical calculations free 
anisotropic deformations of the crystallites 
was assumed, not taking into account the 
contact interaction between them; also the 
intercrystalline materia] was not considered; 
one should not ignore both these points, 
Since the crystallites, positioned in intimate 
contact with each other, cannot but influence 
both the character of deformation of separate 


crystallites, and of the whole polycrystal- 
line mass. 

(3) Kitaigorodskii [3] and Robinskii [4] and 
others consider that the X-ray criterion for 
the presence of stresses of the first kind is 
the displacement of lines on the X-ray photo, 
and the basic criterion for the assumption of 
stresses of the second kind, arising within 
the limits of elasticity, is the spread of 
lines, 

The theoretical account, confirmed by the 
experimental results, tells us otherwise. 
Line spread begins simul] taneously with dis- 
placement within the region of elasticity and 
a long way from the elastic limit. Lines 
from the (112) face are spread, but not 
displaced. This point allows us to cmsider 
baseless the assumptions made by the authors 
mentioned above about choice of criteria for 
the presence of stresses of the first and 
second kind. 

Within the elastic limits the line spread 
is completely removed upon removing the load, 
as is shown by the appearence of repeat X-ray 
photos, 

The unloading photo for the specimen which 
was deformed hy a load beyond the elastic 
limits is characterized hy residual spread, 

This pdints to the retention within the 
polycrystalline mass of residual deformations. 
(4) Apolycrystalline body made up of 
innumerable, randomly disposed crystallites, 
and not possessing texture, behaves on 
extemal loading like an isotropic body. 
Calculations of the modulus of elasticity 
(Young’s modulus) given in tables are 
applicable to such bodies. 

For single crystals and textured poly- 
crystalline bodies these tables are not 
applicable, since the anisotropy of the 
single crystals and the texture will affect 
the value of the modulus in different direc- 
tions, 

Anisotropy of the modulus of elasticity of 
single crystals was noted by Briukhanov [5]. 
Citing results derived by Schmidt and Goms, 
Briukhanov gave the following values for the 
modulus of elasticity of iron single crystals: 

in the [100] direction : 13,500 kg/mm? 

in the [111] direction : 29,000 kg/mm? 

As to polycrystalline bodies, in then, 
according to Briukhanov’s theory, "anisotropy 
disappears if all the crystallites are 
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disposed in disorder and their dimensions are 


sufficiently small, and reappears again on 
the formation of a texture" [5]. 

With this statement of Briukhanov’s one can 
agree onlywith respect to mechanical measure- 
ments of the modulusof elasticity, since to 
explain the observed mechanical measurements 
of elastic deformation the laws for isotropic 
media justify themselves, and there canbe no 
doubt that apolycrystalline substance consis- 
tingof randomly orientated crystalliteson the 
average experiences an elastic deformation 
likean isotropic body. In spiteof the aniso- 
tropy of separate crystallites (thanks to 
their disordered positioning) all directions 
are statistically the same, and so anisotropy in 
mechanical properties of the polycrystalline 
specimen in a stressed state is not evidentin 
mechanical measurements. In textured lamellar 
materials anisotropy of mechanical properties 
is seen very well. 

Reflection of X-rays occurs from faces, 

e.g. (310), of crystallites which are 
differently orientated relative to the 
components of the stress tensor. Thus the 
reflecting crystallites are differently 
deformed according to their azimuthal angle. 
In the works of different authors [6,7] this 
effect was established extremely conclusively 
by X-ray methods. 

According to results of Moller and Barbers 
[6], the numerical value of the relation 
between the modulus of elasticity F and 
Poisson’s ratio vy for iron and steel is less 
from X-ray measurement than from mechanical 
measurement. Studies made by Thomas [77] 


however, show that the ratio = for cobalt 


radiation (310 face) is approximately 30 per 
cent higher than for mechanical measurements. 

Moller, Barbers and Thomas, having noted 
the discrepancy of elastic moduli from 
mechanical and X-ray measurements for poly- 
crystalline substances, could offer no 
theoretical explanation of this very vital 
phenomenon, Indeed these conflicting results 
derived by these authors caused serious 
puzzlement, 

According to theetheoretical computations 
made by the authors of the present article, 
supported by experimental results, the Debye 
ring of a deformed specimen takes on an 
elliptical shape; this is evidence that 
crystallites differently disposed towards the 
stress tensor will experience different 
deformations in one and the same direction, 
since the modulus of elasticity of the 
crystallites is actually anisotropic. 

In Table 2, from experimental measurements 
of X-ray photos, is given a comparison of 


the ratios a5 for X-ray and mechanical 


measurements, 


‘he results in Table 2 below all make clear 
that the “X-ray” modulus of elasticity of a 
polycrystalline substance, characterizing an 
anisotropic substance with respect to a 
stress caused by a fixed relative deformation, 
is dependent also on the direction in which 
it is measured, that is the modulus is 
anisotropic. Our studies in this case, in 
full agreement with theoretical] calculations, 
show that the modulus is smallest for azi- 
muthal angles of 0, 7, and 27, and largest 


TABLE 2 
Values of the ratio - calculated from X-ray and mechanical] measurements 


Steel. (310) face 


Aluminium. (511) face 


Azimuthal 


X-ray Mechanical X-ray Mechanical 
measurement measurement measurement measurement 


54, 500 
59, 100 
65, 500 


19, 800 
20, 800 


22, 200 


Average........ 59, 800 


20, 900 


53 
| 
VOL. 
1959 
| 
angle 
89, 400 21, 000 
4 4 : 


The anisotropy of crystallites 


for azimuthal angles of 7/2, and 37/2. 

-The assertion of Moller and Barbers that 
the numerical value of the ratio F/y for 
stee] was less from X-ray measurements than 
from mechanical] measurements is correct if 
this ratio was measured by X-ray methods at 
azimuthal angles of 0,7 or 27. It is quite 
possible that these authors did measure the 
ratio E/y at these azimuthal angles. 

At the same time their assertion would be 
incorrect if the X-ray measurement was 
carried out at azimuthal angles of w/2 or 
37/2. 

Thomas was right in noting that the X-ray 
determination of the ratio F/y was larger 
than that measured mechanically. Probably 
he made the measurements at azimuthal angles 
of m/2 or 37/2. 

The ratio E/v for aluminium, calculated by 
X-ray methods for different azimuthal angles, 
has exactly the same features as for iron; 
X-ray measurements of E/y for angles of 0,7 
or 27 are less, and those for angles of 7/2 
or 32/2 are greater, than measurements of 
E/y made mechanically. 

In conclusion it is very interesting to 
note that the X-ray values of F/y, taking 
the arithmetical mean for all azimuthal 
angles (59,800 kg/mm? for steel and 20,900 
kg/mm? for duralumin), are exceedingly close 
to those measured mechanically (59,400 kg/mm? 
for steel and 21,000 kg/mm? for duralumin). 

The above points allow us to assert that: 

Firstly, individual anisotropic properties 
of each crystallite in an isotropic metal] are 
almost completely retained; 

Secondly, the modulus of elasticity, deter- 
mined by a mechanical method and applicable 
to any kind of technical calculation, is an 
averaged modulus of elasticity over different 
azimuthal angles; 

Thirdly, in measurement of the modulus of 
elasticity of polycrystalline bodies by X-ray 
methods, due to the anisotropy of the modulus 
one should choose that face and that azimuthal 
angle for which the value of the modulus will 
be greatest; 

Fourthly, according to Hooke’s Law we have 
the relation c=cE, between deformation and 
stress (E is the elastic modulus). 


Since the stress field is uniform, and the 
modulus £ in the crystallites is extremely 
anisotropic, then the deformation will alter 
abruptly from crystal] to crystal. So on the 
X-ray photo there is a spread and displace- 
ment of lines, different for each azimuthal 
angle. 

So in a polycrystalline body deformation on 
going from crystallite to crystallite under- 
goes a break in continuity. 

If the stress field did not experience a 
break in continuity, then in accordance with 
Hooke’ s Law the deformation would be constant 
and no Debye line spread would be observed on 
the X-ray photograph. 

(5) Beyond the elastic limits the mechanical 
interaction of separate crystallites becomes 
so appreciable, and deformation of the 
crystallites reaches such dimesions, that 
complete averaging of individual anisotropic 
properties begins, in consequence of which 
the polycrystalline body begins to behave 
like an isotropic one. 


Translated by D.G. Noel 
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ETCHING AND DISLOCATION MARKS IN SINGLE CRYSTAL AND 
POLYCRYSTALLINE CADMIUM 
A.A. PREDVODITELEV and N.A. TIAPUNINA 
M.V. Lomonosov Moscow State University 
(Received 5 August 1957) 


In recent years a large number of papers 
have been published, in which the relation- 
ship between pits produced as a result of 
etching and the dislocations in a crystal 
has been studied. The most conclusive paper 
is that of Vogel [1], in which a simple 
relationship was established between etch 
pits and dislocations in germanium, 


However, it cannot be considered that every 


etching mark is associated with dislocations; 
other crystal microdefects can also cause 
their formation, So in each individual case 
it must be shown that dislocations cause the 
appearance of the pits. In particular an 
explanation of their arrangement, based on 
the concepts of the dislocation theory, may 
be a confirmation of the fact that etching 
marks were formed at the points where dis- 
locations were located. 

In this paper methods for etching cadmium 
are described and an attempt is made to 
compare tlfe various characteristic pit 
arrangements in undeformed and deformed 
crystals with the dislocation theories. 


ETCHING METHODS 


The majority of the specimens investigated 
were prepared from 99.957 per cert pure 
cadmium (Rb — 0.02%, Mm —- 0.01%, Cu - 0.01% 
and Fe — 0.003%). In order to produce the 
metallographic microsections, electrolytic 
polishing was carried out in an electrolyte 
of the following composition: 2 parts of 
orthophosphoric acid, 2 parts of glycerine 
and 1 part of water [2]. A stainless steel 
plate was used as the cathode. The process 


* Fiz. metal. metalloved. 7: No. 6, 855-861, 1959. 


of electropolishing and etching was control- 
led by the voltage across the electrodes 
(optimum voltage 2.1-2.2 V). Polishing took 
9-12 min, Etching was carried out in the 
samme electrolyte, but with a reduced voltage 
(0.9-1.0 V) and a different time of from 20 
to 40 sec. Sometimes etching had already 
been carried out in the polishing process. 
In this case the microsections were examined 
under the microscope without subsequent 
etching, 

Individual pits had different geometric 
shapes depending on the crystal orientation: 
hexagonal, rectangular or triangular. How- 
ever in a number of cases the pits had no 
definite shape and were in the form of 
irregularly shaped pits, which were nearly 
oval or circular in cross-section, 


ETCH FIGURES IN UNDEFORMED CRYSTALS 


The etch pits in undeformed crystals were 
arranged in small chains partially coinciding 
with the direction of growth, or formed 
scattered areas, 

An interesting case of the arrangement ‘of 
etching marks is the chain of pits with a 
variable density (Fig. 1), which consists of 
rectilineal, strictly orientated triangles, 
and is similar to the one discovered for zinc 
by Gilman [3]. This chain was observed in an 
undeformed polycrystal with a grain surface 
area of — cm*. This chain was the only 
one in the grain and formed approximately one 
third of its linear dimensions, This arrange- 
ment of etching marks is to be expected when 
a row of such dislocations comes into contact 
with an obstacle under the action of a 
macroscopic stress, Some curvature of the 
chain apparently takes place owing to the 
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Pig. 1. Microphotograph of a chain of variable density 
dislocations in a cadmium polycrystal at a high magnification 


fact that the dislocations are not situated 
in one plane, but in a system of adjacent 
slip planes, which can be taken macroscopi- 
cally as a curve, 

The equilibrium of a linear chain of dislo- 
cations arranged in one slip plane, has been 
theoretically considered by Eshelby, Frank 
and Nabarro [4], As the supplementary 
analysis shows, in the case of smal] dislo- 
cation displacements from the main plane, 
the theoretical results of Eshelby, Frank 
and Nabarro remain accurate in the first 
approximation and can be used for the chain 
under consideration, 

This is one of the few cases where it is 
possible to compare the nature of the 
arrangement of the etching marks produced 
experimentally, with the calculated data, 
According to the theory, in the case of a 
uniform macroscopic stress with an identical 
Burgers vector for all the dislocations, the 
distances X from the obstacle to the point 
where the dislocations are located, should be 
taken as the square roots of the sessel 


function 
Gb jr, 


(Gz (1 —v) nz 


where G is the module of shear, 6 is the 
Burgers vector, 7, is Poisson’s ratio, n is 
the total number of dislocations in the chain, 

If the etch pits correspond to the places 
Where the dislocations are located, the 
graph of the relationship of the distance 
between the obstacle and the corresponding 
pit, and the square root of the Bessel 
function, should be in the form of a straight 
line. Such a graph is shown in Fig, 2 for 
the chain of pits under consideration, It 
can be seen from the figure that complete 


X10} Gilman's Data 


| 
Iman's Data 
15000 


Fig. 2. Graph of a chain of pits: 
1 - the author’s data; 2 -— Gilman’s data 


Fig. 3. Microphotograph of a chain of dislocations located 


between two obstacles. 
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agreement with the theory was not obtained 
either for our data or for the chain produced 
hy Gilman, The best agreement with the 
theory is at the end of the chain, The 
variance may be a result of inaccurate 
determination of the beginning of the chain, 
and also a result of the variability of the 
Burgers vector or the macroscopic tangential 
stress along it, The latter is the most 
probable, 

The macroscopic stress, t,. can be deter- 
mined if a suitable assumption is made as to 
the magnitude of the Burgers vector. By 
taking the Burgers vector, in conformity with 
the theory, to be the same for all the chain 
dislocations and equal] to the lattice 
constant, we obtain 170 g/mm* at the 
end of the chain, which is a perfectly 
admissible value in an undeformed crystal. 

Chains of pits with a variable density 
occur comparatively rarely, In Fig. 3 a 
chain, which obviously corresponds to a 
system of dislocations arranged in a single 
plane and caught between two obstacles, is 
given as an example. It may be concluded 


from the above that the pits produced during 
etching apparently correspond to the places 


where the dislocations are located, There 


is great variety in the etching mark 
arrangements, Mm interesting characteristic 


of the etching pictures is that the dislo- 
cation network, as a rule, does not extend 
to the grain boundary. However it is not 
possible to estimate the width of the 
stressed zone along the boundaries from the 
dislocation theory, without making arbitrary 
assumptions as to the magnitude of the 
Burgers vector for the dislocations located 
along the boundaries and in the crystal, 


ETCH FIGURES IN DEFORMED SINGLE CRYSTALS 


Etching marks on plastically deformed 
single crystals, in which slip and twinning 
had occurred, were investigated, In 
Figs. 4a-b an etching picture can be seen for 
a Cd single crystal (99.99 per cent), where 
a slip occurred in the basal plane, and 
formed ai: angle of 60° with the axis of the 
specimen. Fig. 4a reproduces the pit 
arrangement after the slip bands have beer 


removed from the surface of the single 
crystal by electrolytic polishing. It 
should be mentioned tnat the pits are 
precisely located on the faintly showing 
Slip band marks. In Fig. 4b a secondarily 
deformed single crystal section is shown, 
The etching marks and slip bands, which run 
in parallel,can be seen on its surface 
simultaneously. This indicates a direct 
relationship between the pits and the 
dislocations in the crystal. 

In Fig. 5 pits produced during etching of a 
cadmium single crystal, which has been sub- 
jected to torsion deformation, are shown. The 
etching marks are arranged along the boun- 
daries of the twinning zone. In contrast to 
the preferential twin etching observed by 
Gilman in zinc, the twin boundaries are 
etched simultaneously in cadmium, 


SPIRAL ETCH FIGURES 


One of the specimens (with a relatively 
large etching mark density) was annealed for 
2 hr at a temperature of 310-320°C, near the 
melting point of cadmium, After electrolytic 
polishing, a large number of etch figures, 
like those shown in Fig, 6, appeared on its 
surface, 

As the specimen was annealed in vacuum and 
the cadmium was dispersed, it can be assumed 
that the spiral figures on the surface 
appeared as a result of growth during the 
condensation of the vapour phase [5]. In 
order to check this assumption, the surface 
layer was removed by mechanical polishing of 
the specimen, and the area of deformed meta] 
formed during this operation was removed hy 
subsequent electropolishing, As in the first 
case, sections with spiral etch figures were 
exposed, which, generally speaking, had also 
been seen before annealing, but in consider- 
ably smaller quantities. 

The spiral etch figures were completely 
exposed on this specimen by repeated electro- 
polishing, and the shape of individual 
figures was altered by removing a layer of 
the order of 54. This indicates that the 
presence of the spiral figures is related to 
the. volumetric properties of the specimen. 

A large variety of etching mark shapes was 
observed: spirals, arc-shaped pits and 
different cdmbinations thereof (Figs. 6-8). 
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Fig. 4. 
single crystal: 


slip bands from the surface; 


deformed specimen. 


Both the spirals and the majority of the 
arcs, were hexagonal, in conformity with the 
crystallographic symmetry of cadmium, 

A photograph of a spiral, which apparently 
occurs at the point where a screw dislocation 
with a large Burgers vector is located, is 
shown in Fig. 7. Spiral etch figures were 
observed on germanium after the removal of 
the surface layer from the specimen, by Ellis 
[6] and on silicon by Bardsley and Strangham 
[7], and Vogel and Lovell [8], who also 
relate the appearance of such figures with 
large Burgers vector screw dislocations. 
Single rotation spirals are obtained for 


Fig. 5. 


Etching marks in a plastically deformed 
(a) — specimen after removal of 


(b) secondarily 


dislocations of the same sign, and opposite 
rotation spirals for dislocations of differ- 
ent sign, 

The complex formation shown in Fig, 8a 
represents a combination of spirals and a 
system of arcs. In Fig. 8b an interesting 
case is shown in which the etched region 
intersects a straight line, which connects 
the two dislocations, and resembles the 
acting Frank-Read source in shape. The 
polygonally symmetrical shape of this 
formation is also associated with the 
characteristics of the crystallographic 
structure of cadmium, 


Etching marks in a cadmium single crystal in which twinning has occurred 
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Fig. 6. Etching figures in polycrystalline cadmium 
after annealing at a high magnification 


Fig. 7. Single spiral at a high magnification 


Fig. 8. Different spiral etch figure shapes: 
(a) -a combination of spirals and a system of arcs; 
(b) - an etched region resembling the acting Frank-Read source in shape 
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As yet it has not been possible to explain ever the possibility cannot be ruled out 
the origin of complex etch figures. It may that the formation of such figures is 
be assumed that their appearance is caused associated with the acting Frank-Read source, 
hy the presence of spiral dislocations in the Further investigations are necessary to 
body of the specimen. It is highly probable, clear up this issue, 
as the conditions of heat treatment favoured The authors wish to express their thanks to 
the shift of the dislocations hy means of Prof, E.G. Shvidkovsk for his valuable assis- 
diffusion along the normal to the slip plane, tance and constant interest in the work, 
that they are very essential for the forma- 
tion of spiral dislocation lines [9]. How- Translated by A.H.R. Langmead 
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DISTILLATION OF IRON 


The mechanical and physical properties of 
heat-resistant alloys depends to a consider- 
able extent, on the purity of the initial 
charging materials. Non-metallic inclusions, 
and also low-melting impurities, which re- 
duce the melting point, have a particularly 
strong effect on the deterioration in the 
properties of these alloys. It is, therefore 
interesting to examine the possibility of 
increasing the heat-resistance of these 
alloys by employing components containing a 
minimum quantity of impurities. 


A widely used method for freeing metals 
from impurities is that of vacuum distilla- 
tion, in which use is made of the difference 
between the rate of evaporation of the basic 


metal and the impurity. When using this 
method for the purification of metals, it is 
possible either to drive off the highly 
volatile impurity from the metal, or, ly 
evaporating the basic metal, to concentrate 
the impurities with a low vapour pressure in 
a residue, 

The industrial methods for purifying metals 
based on this principle, are used mainly for 
alloys, the impurities in which are charac- 
terized by a slightly lower or higher vola- 
tility than is present in the basic compon- 
ents, 

Combined methods comprising oxidizing and 
reducing processes, apart from vacuum dis- 
tillation, are used for separating metals 
from non-metallic impurities, in particular, 
dissolved gases. 


* Fiz, metal. metalloved. 7: No.6, 862-867, 1959. 


This method, in particular, was used for 
purifying iron, and a number of experimental 
papers [1 and 2] have been devoted to the 
study of the properties of iron with res- 
pect to the content of impurities. : 

Fast [3], for example, purified iron in a 
vacuum set at a residual pressure of 1075 mm 
of Hg. 

Pressings of carbonyl] iron powder, which 
had been pressed and sintered in a high 
vacuum, were initially heated in the pres- 
ence of a small quantity of oxygen, which 
brought about the oxidation of those 
impurities forming highly volatile oxides. 
Then the molten mass of metal was subjected 
for several hours to the action of purified 
hydrogen, which was removed at the end of 
the experiment by evacuation. The iron 
produced in this manner, after remelting in 
a magnesite crucible, contained about 
0.015 per cent of impurities. 

Other methods, which exist for purifying 
iron, give worse results, 

We used a method of vacuum distillation 
developed in 1952 in the Institute of 
Physics and Technology of Akad. Nauk SSSR 
for separating impurities from iron, in which 
the metal is condensed on a surface heated to 
a high temperature. This method proved to be 
considerably more effective than the methods 
for the vacuum distillation of metals des- 
cribed in the references, 


EXPERIMENTAL METHODS 


In our experiments the iron was distilled 
in an apparatus consisting of a working 
chamber and an evacuating system: (a) an 
oil vapour diffusion pump with an evacuating 
speed of 2500 1./sec; (b) a force pump 
VN-2. 


Vacuum of metals on a heated surface 


The temperature of the molten metal in the 
crucible was measured hy an optical pyro- 
meter, and the temperature of the condensing 
surface hy a pyrometer and a thermocouple, 

Conical crucibles with a capacity of 
0.5-3 1., made of alundum or beryllium oxide, 
were used for melting and evaporating the 
metal, They were heated hy molybdenum or 
tungsten spirals wound thereon, 


Column 


Crucible 
Furnace 
Lining 


| Shielde 


Fig. 1. Condensing column with crucible 


The crucible was accommodated in an iron 
cylinder, The space between the crucible 
walls and the cylinder was filled with 
powdered alundum in order to reduce the heat 
losses, The condensing column was heated 
by a molybdenum spiral and the temperature 
distribution thereon was maintained hy an 
appropriate arrangement of shields. The 
condensing column with crucible is show in 
Fig. 1. In the case where the metal conden- 
ses directly on the ceramic, the iron sinters 
integrally with the material of the colum 
and the column decomposes when the condensate 
is extracted, Condensation is normally 
carried out on thin iron sheets, which line 
the internal walls of the column, 

The temperature of the condensing surface 
is selected experimentally and should be 
such that the vapours of the basic metal 
become saturated and condense when they 
strike the lining, while the impurities 
evaporate, 

This method was tested for the first time 
in the Institute of Physics and Technology 
of Akad, Nauk SSSR when impurities, chiefly 


of manganese, silicon and aluminium, were 
separated from beryllium, It is known that 


the attempt by Kroll [4] to produce manganese. 


and aluminium-free beryllium, by means of 
distillation, failed on account of the slight 
difference in volatility of the elements. By 
using a condensing column heated to 1100- 
1500°C, we succeeded in reducing the content 
of aluminium from 0.5 to 3.10°> per cent and 
manganese from 2.107? to 3.107? per cent. 

The results of our work on the purification 
of beryllium by vacuum distillation were 
given in the proceedings of the Soviet dele- 
gation at the Geneva conference in 1955 [5]. 

The following temperature distribution was 
used for the distillation of iron: the 
lower part of the column, where the vapour 
density was greatest, was heated to 1300°C 
and the upper part to~1100°C, The size of 
the condensing surface was 5-6 times greater 
than that of the metal evaporating surface 
in the crucible. The impurities are separa- 
ted from the iron at the heated surface of 
the condensing column as a result of the dif- 
ference in the vapour pressure of the ele- 
ments, which enter into the composition of 
the molecular flow, The rate of condensation 
of each element is determined by the tem- 
perature of the condensing surface and the 
density of the flow falling thereon, 

It is possible to select a condensing 
surface temperature for every impurity with 
a given beam density, above which all the 
impurity molecules striking this surface, 
will be re-evaporated. In consequence, all 
the highly volatile impurities on the colum 
with the temperature gradient are condensed 
in the colder zone, whilst the iron, which 
has a low vapour pressure, remains in the 
high temperature zone, The condensing metal 
and impurities can be considered as an ideal 
solid solution in the first approximation, 
and the rate of evaporation of each element 
from the condensing surface can be calcula- 
ted from the kKnudsen-Langnuir formula, 


m=——P V sec, 
17 14 


where P is the vapour tension of the element 

at a temperature T on the condensing surface; 

M is the molecular weight of the substance. 
Using these approximate calculations, the 


VOL 


62 


Vacuum of metals on a heated surface 


optimum temperature at which the metal] being 
purified will condense and the impurities 
will volatilize, can be selected for the 
condensing surface, 

The purest iron is deposited at a given 
temperature gradient at the middle and botton 
of the condensing column; the content of im- 
purities with a vapour pressure greater than 
that of iron increased sharply in the upper 
zones, The iron was distilled at a tempera- 
ture of ~1580°C, The rate of evaporation 
was 1g/cm? per hour. 110 g of metal were 
evaporated per hour from a crucible with a 
diameter of 120 mm, The yield of pure metal 
was 75-80 per cent of the amount evaporated 
from the crucible when the temperature of the 
column was 1250-1300°C, 


EXPERIMENTAL RESULTS 


Three types of iron were purified: Armco, 
electrolytic and carbonyl] iron, 

The percentage content of impurities in 
the initial Armco iron,- and in the same metal 


after one and two distillations, can be seen 
in Table 1, 

The percentage content of the impurities in 
electrolytic and carbonyl] iron before and 
after purification, is shown in Tables 2 and 
3. It can be seen from the data given that 
intensive separation of Mn, Mg, Cu, S, P, N, 
O and to a somewhat lesser degree aluminiun, 
from iron, takes place during distill ation, 

When melting in an alundum crucible the 
aluminium usually contaminates the iron, 

High purity of the metal as a result of 
distillation can be obtained providing the 
crucible alloys are made of chemically pure 
materials, The crucible material evaporates 
in a high vacuum (1075 — 107° mm of kg) at 
temperatures above 1500°C and contamihates 
the condensate to a large degree, Moreover 
the ceramic contains a large quantity of 
impurities, which can also get into the puri- 
fied metal, The poor separation of nickel 
from the iron is explained by the low vapour 
pressure of these metals, After the first 
distillation the carbon content of the car- 
bony] iron was reduced to 0.003 per cent, 
Subsequent distillation did not substantially 
alter the carbon content, The cause of this, 


apparently, was the oil from the diffusion 
pump getting into the condensation zone in 
small ciantities together with the oil] from 
the piston rod seals, A nitrogen trap should 
be installed between the pump and the chamber 
in order to reduce the carbon content in the 
purification of iron, Needles up to several 
millimetres in length grew while the iron 
vapours were being deposited on the conden- 
sing surface at a temperature of 1200°C, 

The needles were composed of single crystals 
of very pure iron, The residual strength of 
these needles at low temperatures was 
measured in the laboratory of BG. Lazarev, 

a Member of Akad. Nauk SSSR. The ratios of 
the strength (Rp) of iron at a temperature of 
T° to the strength at 0°C can be seen in 
Table 4. 

On the basis of the data obtained, the 
purity of the iron was established as equal 
to 99.996 per cent. Data on the purest iron 
produced by Meysner [6], are shown in the 
table for comparison. 


THE PRODUCTION OF PURE MANGANESE IN THE 
VACUUM DISTILLATION OF FERROMANGANESE 


It is known that the production of high 
purity manganese by chemical methods presents 
great difficulties. 

In this paper the possibility of producing 
pure manganese hy distilling ferromanganese 
in a high vacuum, was investigated. 

The same apparatus was used for distilling 
the ferromanganese as was used for purifying 
the iron, The metal was condensed on a 
molybdenum sheet lining the inside walls of 
the column, The composition of the initial 
product for purification is shown in Table 5, 
_ The metal was evaporated at a residual 
pressure of 107 “cm of Hg. It was difficult 
to calculate the composition of the vapour 
phase at given temperatures above the melting 
point, on account of the fact that there were 
impurities of manganese carbide and other 
compounds in the metal. For this reason the 
optimum temperature was selected experimen- 
tally. The first experiments carried out 
were on the purification of carbon.ferroman- 
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TABLE 4 


Ratio of the residual strength (Rr) of iron at a temperature of 
T° to the strength at 0°C 


Distilled iron needles 


Pure iron, produced by Meysner 


Temperature °K Rr/Rooc 


Temperature °K Rr 


77 7.34 x 1072 
20. 4 6.28 x 107) 
4.2 4.37 x 107? 


78.2 7.41 x 1072 
20. 4 7.61 x 1073 
4.21 


The metal was evaporated at various tem- 
peratures from 1100 to 1400°C. In all 
cases the rate of evaporation decreased 
noticeably with time, as the surface 
layers became impoverished of manganese. A 
thick layer of graphite and carbides was 
formed on the evaporating surface, which 
prevented the manganese from evaporating. 
At a temperature of 1300°C the average 
rate of evaporation ~ 0.6 g/cm’. 

Considerable iron was detected in the 
manganese condensed in the upper zone on the 


column shown in’ Fig. 1, although the tempera- 


ture in the lower zones was such that the 
iron should have completely condensed, The 
iron atoms were apparently absorbed by the 
general flow of manganese, Therefore a 
system of shields.as in Fig. 2 was set up in 
the internal cavity in order to increase the 
likelihood of the particles colliding with 
the walls of the column, The temperature of 
the first shield arranged nearer the crucible 
was chosen such (~~1000°C, that a 
comparatively complete condensation of iron 
vapours was produced thereon, “ut the 
manganese vapours were not deposited. The 


shields 


Fig. 2. Condensing column with internal shields 


middle shields were at a temperature of 
750-800°C, so that manganese vapours mainly 
condensed thereon. The efficiency with which 
the iron was separated from the manganese was 
considerably increased on this columh. If 
the content of iron on the column without 
shields is almost the same all over and is 

~ 0.01 per cent, the iron is distributed in 
the following manner with the shields present: 
on the lower shield 0.02 per cent, on the 
second 0.008 per cent and on the upper - 
0.004 per cent, Distillation of manganese 
carbide at a crucible temperature of 1250°C 


TABLE 5 
Chemical composition of the initial ferromanganese, per cent 


Metal Mn Fe 


Si Al Ni 


Carbon ferro- 
Manganese .. 73 


Medium carbon 
ferroman- 
ganese 
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1 0.1 10.001] 0.5 
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TABLE 6 


Chemical composition of the condensate, 
taken after distillation of the ferromanganese, per cent 


Distilled metal 


Mg Pb 


Carbon ferroman- 
ganese 


Medium carbon 
ferromanganese 


Distilled metal 


Carbon ferroman- 
ganese 


Medium carbon 
ferromanganese 


enabled 70 per cent pure manganese to be 
produced from the total content thereof in 
the alloy. In the distillation of medium 
carbon ferromanganese the rate cf evaporation 
at 1300°C was higher, and the yield of pure 
metal was 80 per cent of the initial. 

In Table 6 the chemical] composition of the 
condensate taken from the third and fourth 
screens of the condensing column in the 
distillation of carbon and medium carbon 
ferromanganese, is shown, 

The content of carbon in the condensate was 
not determined, but in a preliminary 
determination it did not exceed 5 x 107? per 
cent, Thus the purity of the manganese 
produced after one distillation exceeded 
99.96 per cent, 


CONCLUSIONS 
1. The method of vacuum distillation of iron 


with condensation on a heated surface 
enables iron with a purity of 99.98 per cent 


to be produced after one distillation. A 
second distillation reduces the impurity 
content of the iron to 0.01 per cent. 

2. The vacuum distillation of ferromanganese 
enables manganese with a purity of 99.96 per 
cent to be produced with a pure metal yield 
of up to 80 per cent of the metal contained 
in the alloy, 


Translated by A.H.R. Langmead 
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The adoption of chromium as a base for 
heat-resistant alloys has been impeded by 
reason of its brittleness and limited defor- 
mation at elevated temperatures. Brittleness 
in chromium results from the great quantity 
of impurities, as the existing methods of 
obtaining this metal do not guarantee the 
required degree of purity. 

Attempts to purify chromium and rid it of 
its additives by various methods have been 
undertaken hy numerous researchers. For 
instance, Krol] employed the vacuum distilla- 
tion method for this purpose [1]. Evaporation 
of the chromium proceeded in a vacuum of 
107* mm Hg at 1400°, and deposition onto a 
surface of unspecified temperature. 

The results of a single distillation are 
given in Table 1. 

It will be seen from Table 1 that the 
impurities of iron, aluminium and silicon are 
removed during distillation in negligible 
quantities. 

In recent years, with the aid of electro- 
lysis, relatively pure chromium was obtained 
by Blum [2] and later Greenway [3]. Electro- 
lytic chromium (98.7-99.3 per cent) contained, 
however, a large quantity of nitrogen, 
oxygen and particularly hydrogen (above 


0.3 per cent). Subsequent treatment of the 
electrolytic chromium in hydrogen reduced the 
content in oxygen, nitrogen sulphur and carbon 
(4). Kroll and Hegert [5] showed that 
chromium, freed of oxygen by way of prolonged 
heat treatment by hydrogen, shows remarkable 
plasticity at 500° but is completely brittle 
at room temperature. Gilbert et al. [6], ty 
fusing electrolytic chromium previously 
treated in hydrogen, obtained bars with a 
content of 0.003% oxygen, 0.002% nitrogen and 
0.005% hydrogen. These bars deformed at 
500°, but were brittle at room temperature, 
Johansen [7] subjected hydrogen-treated 
electrolytic chromium (99.9-99.95 per cent) 
to further fusion and treatment according to 
a different technology, as a result of which 
wires and foils were obtained of varying 


thickness which could be bent at room tem- 
perature, 

The iodide method of obtaining pure chromium 
[8,9] gives a fairly pure and plastic metal 
in the form of smal] crystals. However, the 
amounts of metal obtained by this method were 
insignificant. 

It will be known from relevant literature 
that it is possible to get iodide chromium 
(99.96 per cent) if electrolytic chromium is 


TABLE 1 
Results of single distillation 


Elemental content in % 


Metal 


Fe. 


Distilled metal 
Residue 


* Fiz. metal, metalloved. 7, No.6, 868-874, 1959. 
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employed as a parent metal (99.55 per cent) 
with an oxygen content of 0.38 per cent [10]. 

In the work of Ageev and Trapezikov [9], 
smal] crystals (99.92 per cmt) were obtained 
by the iodide method when using electrolytic 
chromium (99.68 per cent) as an initial 
metal. The authors measured the microhardness 
of the samples of the iodide chromium obtained 
in this case and noted that the chromium was 
plastic at room temperature provided the speed 
of deformation was not high. 

The present work describes tests carried 
out in the laboratory of the FTI Akad. Nauk. 
Ukr.S.S.R. (Physico-technical Institute of 
the Academy of Sciences of the Ukrainian 
S.S.R.) on the purification of chromium hy 
means of distillation in high vacuum onto a 
heated surface. 

The method of distillation with condensation 
in a high-temperature column, as evolved hy 
FTI Akad. Nauk. Ukr.S.S.R. for purification 
of metals, is expounded in one of the papers 
of the Soviet Delegation at the Geneva 
conference [11]. The basis of this method 
consists in the following: if the content of 
impurities in the metal being distilled is 
not high, then this system — basic metal plus 
additive -— may be considered in the first 
approximation as subject to Raoult’s Law and 
consequently it appears possible to calculate 
the composition of the vapour phase. On 
condensation on a heated surface, the vapour 
may be viewed as an ideal gas (fulfilment of 
the conditions of molecular flow). 

Then the content in each element will 
depend on the composition of the vapour phase, 
density and tensile elasticity (tension) of 
the vapour of each component at the tempera- 
ture of condensation. Proceeding from this 
in each concrete case, it is possible to 
select such temperatures of the vaporizer and 
condenser as ensure the maximum purity of the 
distilled metal in the greatest possible 
quantity, that is, at which weak-flowing 
additives remain in the residue in the 
vaporizer, while the parent or basic metal] is 
condensed in the lower and central zones of 
the column, but the impurities, rather more 
volatile than the parent metal, settle in the 
uppermost portion of the column, which is at 
a lower temperature. 

The distillation of chromium was carried out 


Vacuum distillation of chromium 


in the apparatus shown in Fig. 1, consisting 
of a working chamber, high-vacuum and pre- 
vacuum pumps. 


Fig. 1. General view of vacuum apparatus for 
distillation. 


Evaporation of the chromium proceeds from 
crucibles, which are heated by a spiral of 
tungsten or molybdenum wire arranged in the 
grooves of the ceramic lining. Deposition 
of the chromium was effected into a column of 
ceramic, lined inside with tantalum sheeting, 
The arrangement of the crucible and the 
column is reproduced in Fig. 2. The tempera- 
ture of the crucible and the column were 
measured hy an optical pyrometer of type 
OPPIR-09 through peepholes. Al] the experi- 
ments were carried out in a vacuum not less 
than 1075 mm Rg. 


DISTILLATION OF CHROMIUM IN A 
HIGH VACUUM 


Both aluminothermic and electrolytic 
chromium were used as basic metals for the 
distillation and their impurity contents are 
shown in Tables 2 and 3, 

As will be seen from Table 2, the basic 
impurities in aluminothermic chromium are 
found to be iron, aluminium, silicon. In 
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TABLE 2 
Composition of aluminothermic chromium 


Type of chromium 


Elemental content % 


Si Fe 


Distilled alumino-thermic chromium... .. 


Distilled chromium from an alloy of alumino-thermic -5% W 


Initial alumonothermic chromiun.. 


* Not found. 


Column 


Crucible 


Purnace 
|||| Lining 


_ Screen 


Fig. 2. Arrangement of crucible and column 


various tests, the chromium evaporated in the 
temperature range 1200-1500°. Evaporation 
proceeded in the crucibles, prepared from 
alumina and beryllia, The condenser column 
had temperature zones from 950 to 1200°C. 

The temperature routines of the crucible and 
the column were calculated approximately from 
the supposed validity of Raoult’s Law for the 
system — chromium with small quantities of 
the impurities iron, aluminium and silicon, 
The chromium was deposited in the bottom and 
central] zones of the column. The experiments 
showed that on evaporation of the meta] from 
alundum crucibles, the condensate and residue 
were contaminated with aluminium and silicon 
and, for this reason, crucibles of aluminium 
oxide were not used in later tests, On 
evaporation of chromium from crucibles 
prepared from beryllium oxide, freeing of it 
from aluminium and silicon was not observed 
here either; apart from this, the condensate 
was seen to be slightly contaminated with 


beryllium. In order to prevent the crucible 
material from entering the condensate, a 
tantalum crucible was employed for evapora- 
tion of the chromium in later experiments. 
Table 2 shows the results of these experiments 
and as it will be seen, freeing of the 
chromium from aluminium, silicon and iron 
does not occur. 


Fig. 3. Condensate of chromium 

Analogous tests were carried out for 
distilling electrolytic chromium. Distil- 
lation was effected in the apparatus described 
above, The electrolytic chromium, whose 
content in additives is show in Table 3, was 
subjected to evaporation in a vacuum of 
1075-1075 mm Hg at a temperature of approxi- 
mately 1400°, The metal condensed in the 
column, (the latter being heated up to 1100°) 
and formed a layer of small crystals (Fig. 3). 
Analysis was carried out for the impurities 
Ta, Ge, Mo, 2, V — which were not revealed 
spectrographically, and likewise for Cd, Sb, 
Bi, Pb, whose presence in the distilled metal 
did not exceed 1 x 10~* per cent. 

As will be realized from Table 3, the 
impurities most difficult to remove during 
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Content of additives in % 


N.F.* 


N.F. 


Vacuum distillation of chromium 


N.F. 


N.F. 


0.03 {0.016 |0.010 |<0.002]0. 0005/0. 0015] 0. 007 


0.01 |0.014 |0.006 |<0. 002/0. 6005/0. 0001] 0. 0068] N.F. 


0.005} 0.001/0.012 | 0.002 |0.002 |0. 0005/0. 0001] 0. 006 


0.021] 0.03 


Type of chromium 


Initial electrolytic 


- |0.0005/0.013 


(weight %).. 
Distilled chromium 


- 0006 0007} 0.010] 0.01 


Filter of chromic oxide .. 
Filter of zirconium . 


(weight %).. 


alloy — 10% tungsten 


Chromium distilled from 


* N.F. Not found 


purification of the electrolytic chromium by 
the vacuum distilling method with condensation 
onto a heated column, were found to be C, Si, 
Fe, Al; as far as the poor efficiency of 
operation of the chromium from iron is 
concerned, according to new data (12) the 
vapour pressure is of an identical order with 
the vapour pressure of iron and for this 
reason, separation of these elements does not 
occur, The fact that silicon and aluminium 
are deposited onto the surface heated up to 


1100°, in the same percentage content as in 
the initial chromium, despite the fact that 


the vapour pressures of these elements is 
1-1.5 times higher than that of chromium 
vapour at the same temperature, leads one to 
conclude that in the process of distillation 
(either at the temperature of distillation 
in the crucible or the temperature of con- 
densation in the column) it is necessary to 
take into account the possibility of the 
formation of compounds possessing a vapour 
pressure close to the vapour pressure of the 
refined metal, 

It is well know that in evaporation ina 
vacuum of a mixture of aluminium and 
aluminium oxide at temperatures above 1100°, 
it is possible to form a volatile oxide A1,0, 
which breaks dow into Al ,0 and Al at a lower 
temperature point than that given, By 
analogy with this is the possible formation 
of a volatile oxide of silicon SiO, the 
latter breaking down at low temperatures to 
Sid, and Si [13]. 

It is possible that reactions of a similar 
kind may proceed also during the distillation 
of chromium, since the impurities aluminium 
and silicon in the chromium can be present in 
the form of free elem@mts and in the form of 
oxides, At the present time the likelihood 
of processes of this type occurring during 
the distillation of metals is being examined. 

It should also be taken into consideration 
that at elevated temperatures both in the 
crucible and in the colum there proceeds a 
formation of aluminates and silicides of 
chromium. These processes cause the content 
of impurities in the condensed metal to 
remain at the same level as the initial 
material, In order to remove aluminium and 
silicon, an attempt was made to join them in 
compounds possessing a vapour pressure 
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significantly higher or lower than the 
vapour pressure of the refined metal. It 
was found that if chromium vapour is passed 
through a filter of chromic oxide powder, 


the aluminium present in the chromium, 
reacting with the chromic oxide, forms an 


oxide of aluminium according to the reaction 


Cr,0, - 2Al — 2Cr - Al, 0, 
As a result of this reaction at the tempera- 
ture of distillation, almost all the aluminium 
in the form of aluminium oxide stays in the 
residue. The content of aluminium in the 
refined metal decreases to 0.001-0.003 per 
cent, while the oxygen content here rises to 
0.03 per cent. Analogous experiments were 
carried out on combining silicon, which is 
evaporated along with the chromium, For this 
purpose, chromium vapour was passed through a 
stream of metallic zirconium at 1400-1500°, 
Thanks to the volatile silicates of zirconium 
thus formed, silicon remained in the crucible 
and its content in the condensate decreased 
to 0,001 per cent. No zirconium was found in 
the condensate, 

A method was found for simu] taneously 
by combining silicon and aluminium into 
stable compounds. For this purpose, the 
electrolytic chromium was fused in air with 
5 per cent tungsten, The melt obtained was 
subjected to distillation; here the 
aluminium content in the condensed chromium 
amounted to approximately 0.003 per cent, 
silicon to approximately 0.001 per cent, 
Aluminium and silicon in the form of 
silicides and aluminates of tungsten and in 
the form of oxide of aluminium remained in 
the crucible, as also did tungsten, posses- 
sing low vapour pressure. In a Similar 
manner, purification of aluminothermic 
chromium from aluminium and silicon was 
carried out (see Table 2), 

It should be noted here that, when distil- 
ling a chromium melt with 5 per cent 
tungsten, the carbon content in the conden- 
sate is reduced to 0.005 per cent, whereas 
in ordinary distillation procedures this 
content does not change, 


MECHANICAL PROPERTIES OF 
DISTILLED CHROMIUM 


In order to investigate the mechanical 


properties of chromium distilled in varying 
vacuum, the microhardness of separate 
crystals was measured. This measuring was 
performed on instrument PMT-3 under a load of 
20 g. Results of measuring revealed that the 
microhardness of the crystals of distilled 
chromium depends on the degree of vacuum 
(Table 4). It will be evident from Table 4 
that the mechanical properties of the chromium 
distilled in a vacuum improved with increasing 
vacuum, The softest metal was obtained in 
the highest vacuum (in our experience 

- 10°’ m Hg.). ‘The microhardness of the 
crystals of chromium obtained in a vacuum of 
10-7 mm Hg is lower than in the case of 
chromium crystals arrived at by the iodide 
method (9). 


TABLE 4 
Dependence of microhardness on pressure 


Pressure mm Hg Microhardness kg/mm? 


200 
180 
140 
120 


Aluminothermic chromium 300 


Pure chromium distilled in a high vacuum 


shows noticeable plasticity in a fresh- 
prepared state, Laminae of distilled chromium 


of a thickness from 0,5-1.0 mm were bent 
through 180° several] times with a radius of 
3-5 mm without fracture (Fig. 4). However, 
if the chromium is kept in the air, then, 
after the course of 2-3 days its plasticity 
will have noticeably decreased and on bending 
through less than 90° the majority of the 
samples broke. This may be explained by the 
increased gas content adsorbed hy the metal, 
for in view of the porosity of the deposit 
the adsorption surface is extremely large, 


Fig. 4. Deformed laminae of distilled chromium 
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TABLE 5 
Dependence of gas content on time of analysis 


Gas content in per cent 


Time of analysis 


First 24 hr 
Third 24 hr 


Analysis of the gas content showed that 
distilled chromium on being kept in the air 
very rapidly becomes saturated with nitrogen, 
oxygen and hydrogen (Table 5). 


CONCLUSIONS 


1. High-purity chromium can be obtained hy 
distillation of electrolytic metal in a 
vacuum 1075-107° mm Ke. 

2. By fusing aluminothermic or electrolytic 
chromium with 5 per cent tungsten in air and 
subsequent distillation of the melt, it is 
possible to obtain chromium of higher purity 
in respect of aluminium, silicon and carbon, 
3. Pure chromium, distilled in a vacuum, 
shows noticeable plasticity in a freshly- 
prepared state, 

4, The microhardness of the crystals of dis- 
tilled chromium decreases as the degree of 
vacuum increases, 

5. When kept in air, chromium very rapidly 
becomes saturated with nitrogen, oxygen and 
hydrogen, thus losing its plasticity. 


Translated by J. Grantham 
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Examination was carried out of the diffusion of iron in cast nickel-titanium 


alloys in the temperature interval 950-1247°. 


The existence was revealed of 


minimum values of the coefficient of diffusion in the curve of its dependence 


on the composition of the alloy. 


At low temperatures this minimum is found in 


the vicinity of the boundary of solubility, whereas with heightened temperature, 


it ‘shifts into the region of diluted solid solutions. 


The presence of a 


maximum of energy of activation of diffusion, relating to the alloys of the 
boundary region of solubility, is explained by the differing degree of ordering 
of solid solutions and the formation of structural vacancies. 


For alloys on a nickel base, one the most 
important alloying elements is titanium. The 
introduction of this into nickel alloys 
Significantly increases the alloys’ resis- 
tance to deformation at elevated temperatures, 


In view of the fact that strength proper- 
ties are in direct relationship to diffusion 
[1], interest is attached to the examination 
of this question on an example of an impor- 
tant alloy, such as nickel -titanium, 

In alloys of the system nickel -chromium- 
titanium and others [2,3] it was shown that 
one of the most important factors determining 
the strength properties of the alloys, is the 
magnitude of the coefficients of diffusion. 
The values of the coefficients of diffusion 
and strength for one and the same temperature 
change in such a manner that the minimum of 
the coefficient of diffusion coincides with 
the maximum strength. 

At elevated temperatures, the magnitude of 
the coefficient of diffusion is the deter- 


mining factor in the weakening of the alloys. 
At comparatively low temperatures their 


strength is determined by both the diffusive 
and structural factors, At lower tempera- 
tures, when the diffusive transpositions of 
the atoms become infinitesimal,: the 
structural factor in a given composition of 
alloys is decisive. 


* Fiz. metal. metalloved. 7, No.6, 875-878, 1959. 


The present work gives the results of 
investigation into diffusion in nickel- 
titanium alloys with altering content of 
titanium from 1 to 14 weight per cent. The 
solubility of titanium in nickel at 800° 
comprises 8 weight % and with raising of the 
temperature it slowly rises and at 1200° 
comprises 11 weight per cent. [4]. 

With a titanium content exceeding the 
limit of its solubility, there is formed a 
phase whose base is the compound Ni,Ti, 
possessing a hexagonal lattice, A solid 
solution on a nickel base has a face-centred 
lattice. 

For the study of the processes of diffusion, 
alloys were selected in such a way as to 
examine both the field of saturated and 
unsaturated solid solutions, as well as the 
field of two-phase alloys. The percentage 
content in titanium of thé prepared alloys 
ran aS follows: 1; 2; 4; 6; 8; 10.6 and 
14 weight per cent. The alloys, cast under 
triple slag (MgO, Al ,0,, CaO), were annealed 
according to the following routine: 
1150°-24 hr, 800°-100 hr, then cooled in air. 

Examination of the microstructure revealed 
that the alloys containing titanium to 8 
weight per cent and less possess a large- 
grained, polyhedral structure with a grain 
size up to 2-3 mm Alloys containing 10.6 
and 14 weight % titanium possess a clearly 
expressed two-phase structure. 


73 
VOL. 


Diffusion in alloys 


TABLE 1 


- Values of coefficients of volumetric diffusion, pre-exponential multiplier and energy of 
activation of diffusion of iron in alloys of the system nickel-titanium 


D x 102! om?/sec at temperatures (°C) 


D 


Ti, weight % 


950 960 1050 


cm2/sec 


E 
kcal/g-atom 


1063 1247 


1.0 - 
2.0 - 
4.0 0.31 
6.0 0.21 
8.0 0.12 
10.6 0.2 
14.0 0.125 


40.3 ~ - 
- 44.6 
3.2 49.9 62.8 1.55 
2.9 51.2 68.6 3.9 
3.0 51.3 14.2 1.7 x 10! 
4.5 63.0 71.2 6.8 
3.0 45.2 73.0 10° 


Iron was taken as a diffusing element, as 
being the nearest in physical and chemical 
properties to the base of the alloys — nickel. 
The iron employed for the examination 
contained the radioactive isotope 59Fe. 

Diffusion was examined at the following 
temperatures: 950; 960; 1050, 1093 and 
1247°. Measuring the coefficients of 
diffusion was effected according to a method 
based on the removal of thin laminae from a 
sample with the aid of electrolytic polishing 
and measuring the specific activity of the 
substance dissolved [5]. Annealing of the 
samples was carried out in quartz ampoules 
filled with purified argon, with double walls, 
between which there was laid a thin layer of 
titanium. During annealing no noticeable 
oxidation of the alloys was remarked. The 
results of measuring the coefficients of 
diffusion were well reproduced on parallel 
samples. Accuracy of measuring the coef- 
ficient of diffusion amounted to 5-8 per 
cent. 

Analysis of the experimental data of the 
dependence of the specific activity of the 
radioactive atoms in the removed layers 
showed that in the nickel-titanium alloys 
there took place a volumetric diffusion over 
the whole depth of the diffused layer, which 
evidently was due to the huge size of the 
grain, 

The results of the examination into the 
diffusion of iron in nickel-titanium alloys 
are presented in Table 1 below. 

As will be seen from Fig. 1, the value of 


the coefficient of volumetric diffusion D.at 
950° decreases with increase of titanium 
content and reaches a minimum at 8 weight per 
cent Ti. With further increase in the 
titanium content, value D grows, reaches a 
maximum and afterwards falls away again. On 
raising the temperature for the examination, 
the minimal value of D is observed in alloys 
containing a smaller amount of titanium, At 
1093° the minimum value of D equals 6 weight 
per cent Ti, and at a higher temperature it 
is transferred in toto into the region of 
diluted solid solutions. From the values of 
the coefficients of diffusion there were 
calculated the values of the energy of 
activation F and the pre-exponential] 
multiplier Dy of the process of diffusion 
(see Table). 


Ti, weight % 


Fig. 1. Magnitude of diffusion coefficient of 
iron in alloys of the system Ni-Ti at temperatures: 
1 - 950°, 2-1093°, 3 - 1274°C. 
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Fig. 2. Dependence of energy of activation of 
diffusion F (curve a) and pre-exponential multi- 
plier D (curve 6) on composition of the alloy. 
In Fig, 2 is'shown the change of £ and 
logD, in alloys of the Ni-Ti system. It is 
seen that values F and Do grow with increas- 
ing content of titanium and reach a maximum 
in the region of saturated solid solutions. 


In heterogeneous alloys containing titanium 
far in excess of 8 weight per cent, the 
values of E and Do decreased; however, on 
further increase in the quantity of titanium 
the sizes of E and D, once again rise. The 
latter phenomenon is evidently linked to the 
influence of the increasing content of the 
compound Ni,Ti according to the degree of 
heightening of the titanium concentration in 
the alloys. 

Such a complicated dependence of the energy 
of activation of the diffusion and 
consequently the dependence of the alteration 
of the binding energy on the composition of 
the alloy, was explained by us from the point 
of view of the ordering of solid solutions in 
the vicinity of the boundary of solubility 
(6). 

In actual fact, with a defined content of 
the second component in the alloys of a 


Fig. 3. Appearance of surfaces of segregation in the process of formation of new phase. 
Autoradiographic impressions: 
a, c: from the first layers of the diffusion layer of one-phase sample; 
b, d: from last layers of diffusion layer of two-phase sample. 
Annealing at 1190° over 3 hr; x 4 
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system with limited solubility in solid state 
there is formed a close regulating or 
ordering, which may be noted by diffusion [7] 
or again X-ray [8] investigations. On 
approaching the boundary of solubility, the 
short range order goes over into long range 
order which increases the energy of activa- 
tion of the diffusion. The maximal value of 
energy of activation of diffusion refers to 
the alloy, in which a long range order is set 
up. On emergence of the new phase, the 
number of surfaces of separation is increased 
as a result of which intercrystallite 
diffusion develops (see Fig. 3) and likewise 
structural vacancies are formed in the volume 
of the crystals, This increases the value of 
the coefficient of diffusion and reduces the 
size of the energy of activation of the 
diffusion, 

Experimental data obtained made it possible 
to draw the conclusion that the introduction 
of titanium into a solid solution of nickel 
increases the forces of inter-atomic reaction 
of the atoms of the alloy’s crystal lattice. 
These forces attain a certain maximal value 


at 950-1000° in the region of saturated solid 
solutions. 

In heterogeneous alloys, when coagulated 
formations of the phase on the base Ni,Ti are 
present, the magnitude of the forces of 


connexion decreases. However, with a greater 
quantity of surplus phase Ni, Ti the forces of 
interatomic reaction once again grow. It is 
possible to presume here that the alloy, 
corresponding in its composition to the 
chemical compound Ni_Ti, will command even 
higher strength in ifs interatomic relation- 
ships. 

To establish the link between diffusion and 
strength, the results of the examination of 
diffusion were placed alongside available 
literature giving details of the dependence 


of strength on the composition of the alloy 
[9]. As it follows from this work [], the 
maximum strength of the alloys in the system 
nickel-titanium at 800° relates to an alloy 
with 8 weight per cent titanium, At the 
nearest temperature of the investigation 
(950°) the minimum of the coefficient of 
diffusion refers likewise to the alloy with 
8 weight per cent titanium (see Table 1). In 
this way, for a given system, our conclusion 
made earlier is confirmed, to the effect that 
in monotypical alloys the minimum coefficient 
of diffusion corresponds at a given tempera- 
ture to the maximal strength of the alloys. 
Proceeding from the values of the diffusion 
coefficients in this work, it may be supposed 
that at temperatures from 950-1100° the 
maxima] strength of the alloys will corres- 
pond to the titanium content of the order of 
8 weight per cent. At a higher temperature, 
the region of maxima] strength will shift 
towards a smaller content in titanium. 


Translated by J. Grantham 
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INFLUENCE OF ULTRASONICS 


IN THE PROCESS OF 


CRYSTALLIZATION ON THE STRUCTURE AND 
PROPERTIES OF ALLOYS OF ALUMINIUM-SILICON* 
N.N. SIROTA, Ye. A. LEKHTBLAU and E.M. SMOLYARENKO 
Moscow Institute of Non-ferrous Metals and Gold. KALININ 
(Received 29 July 1958) 


The present work has been undertaken with 
the aim of studying the influence of ultra- 
sonic oscillations in the process of crystel- 
lization on the structure and mechanical 
properties of alloys of the system Al-Si. As 
is well known, by means of the action of 
ultrasonics on the crystallizing of metals 
and alloys, it is possible to change essen- 
tially, and in a number of cases to improve, 
the macro- and microstructures and raise the 
quality of cast ingots. However, the 
literature pertaining to this subject is 
riddled with contradictory data, 

Sokolov [1} examined the character of the 
influence of ultrasonic oscillations on the 
crystallization of zinc, lead and aluminium, 
The microstructure of the zinc became more 
dendritic, which was evoked according to the 
supposition of the author, by the acceleration 
of the formation of crystals under the action 
of the ultrasonics. 

Schmid, Ehret and Rol] [2-4] studied the 
influence of sonic and ultrasonic oscillations 
on the processes of crystallization of 
antimony, cadmium, zinc, duralumin, silumin 
and other materials and achieved results 
differing from those obtained hy Sokolov, 
Schmid and his co-workers noted a significant 
diminution of size of the grain of the 
metals and alloys under examination as a 
result of the effect of ultrasonics, 

Schmid and Rol] [4] came to the conclusim that 
it is first and foremost the intensity of the 
the oscillations rather than their frequency 
which influences the diminution of the grain, 

Seemami and Menzel [5] achieved grain 
diminution in duralumin, The limit of 


* Fiz, metal. metalloved. 7, NO.6, 879-883, 1959. 


fluidity of the alloy was raised by 3 kg/mm’, 
Crushing of the grain under the action of 
ultrasonics was noted also in the works of 
Cerovska [6], Ichiguro [7], Nomoto [8], 
Siebers and Bulian [9] and others. 

A considerable amount of work was carried 
out on the study of the crystallization of 
organic substances in sonic and ultrasonic 
fields [10-19]. 

In the work of Danilov and Chedzhemov [14], 
together with the study of the influence of 
ultrasonics on the crystallization of organic 
liquids — experiments were also carried out 
with metals — bismuth, antimony, cadmiun, 
zinc and their alloys. The authors noted 
that ultrasonic oscillations exerted no 
noticeable influence on the structure of pure 
bismuth; addition of 1% lead, however, 
normally not altering the structure, together 
with the action of ultrasonic oscillations, 
evoked noticeable diminution of the grain, 

In this work [20], data were published 
concerning the crystallization of pig-iron in 
an ultrasonic field, The results of experi- 
ments bear witness to the spheroidization of 
graphite, its even distribution and the 
significant heightening of its mechanical 
properties. 


METHOD OF THE EXPERIMENTS 


Experiments into the action of ultrasonics 
on crystallizing silumins and alloys Al-Si 
were carried through in the ultrasonic 
apparatus of the Scientific Research Techno- 


logical Institute (NITI). The apparatus 
(Fig. 1) consisted of a feeding generator, 
booster cascade with power rating of 3 kW, 
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TABLE 1 
Composition of alloys examined 


97.5; 95; 92.5; 90; 89; 88.4; 
2.5; 6; 7.6; 10; 11.6; 


88; 87.5; 85; 82.5; 80 weight % 
12; 12.5; 15; 17.5; 20 weight % 


Pig. 1. Head of magnetostriction converter. 

1 - Mould 2 - Concentrator 3 - Support 

4 - Inner casing 5 - Cooling jacket 6 - Water 
7 - Core with winding 


head of the magnetostriction converter and 
rectifier. The feeding cascade was in the 
form of a generator 3G-12 with a frequency 
diapason from 20 to 200,000 kc/s. 

The headpiece of the magnetostriction 
converter comprised a magnetostriction core 
and a speed transformer, The core was 
prepared from laminae of Permendure, Bolted 
to the condenser was a mould into which the 
molten metal was poured, 

For the experiments twelve alloys were 
prepared of the system Al-Si, having the 
following compositions: (aluminium mark AOO, 
silicon mark Kr2). (Table 1). 

In the preliminary tests designed to 
elucidate the optimal conditions of the 
experiment, a technical silumin mark AL2 was 
used, In the first tests, the ultrasound was 
switched on after the metal had been poured 
into the mould, However, it tured out later 
that part of the metal managed to crystallize 


before the ultrasound was switched on, For 
this reason, a method was adopted whereby the 
metal was only poured into the mould once the 
ultrasound had been switched on, 

As in the first, so in the second mn, 
towards the termination of crystallization, 
when the viscosity of the melt had become 
considerable, the cast began to swell. Upon 
examination it was found that its upper half 
was extremely brittle and weak. Decreasing 
the intensity with a view to eliminating this 
phenomenon had no positive results, 

As a result of the preliminary experiments, 
the following method was evolved. 

The alloys were heated to 50° above the 
melting point and poured into a mould, the 
latter being heated up to 400° and 
preliminarily wiped with chalk. Checks 
showed that wiping out with chalk has no 
effect on the process of crystallization or 
on the structure of the ingot, whereas it 
prevents the latter from adhering to the 
walls of the mould pan, Ultrasound was 
switched on before pouring, Frequency of 
oscillations amounted to 18-18.5 kc/s, 
fluctuating in the crystallization process in 
view of the increase in quantity of the solid 
phase and change in the system’s acoustic 
parameters. Power fed to the emitter was 
1,0-1.5 kW. 

On the transition of the alloys into the 
heterogeneous viscous state at the end of the 
crystallization process, the ultrasound was 
as a rule switched off, 

After working over this method in the 
interests of accuracy, a series of tests were 
carried out with alloys of the system Al-Si. 
From each alloy siz ingots were cast — three 
treated ultrasonically and three as reference 
controls. From these ingots, samples were 
prepared for testing for elasticity, resili- 
ence, hardness and macro-micro-sections, 
During observation of the crystallization 
process of the ingots, it was noted that 
alloys with low silicon content (up to 
7.5 per cent) did not swell up even through 
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action of the ultrasound to the point of 
complete solidifying of the cast. The 
surface of the treated casts was smooth and 
even, while the surface of the control 
samples was coarse, 


RESULTS 


Macro- and microstructure of the alloys. 
Comparing the impregnated macrosections of 
the contro] and treated castings, it is 
possible to see the sharp refining of the 
primary structure, Figs. 2-4 provide 
photographs of macrosections of the tested 
alloys. As a rule, the refined structure is 
evenly distributed over the section of the 
casting, 


Fig. 2. Macrostructure of alloy Al-Si, containing 
2.5% Si. a - Untreated. b - Sample treated 
ultrasonically (ultrasonified) 


Scrutiny of a shrinkage cavity showed that 
in all cases, the ingots subjected to the 
action of the ultrasonic apparatus, posses- 
sed a shrinkage cavity concentrated in their 
upper portion, the size of this hole growing 
in proportion to the increase in silicon 
content, In the control ingots the cavities 
were spread over the entire area, The 
character of the microstructures shows that 
under the influence of ultrasonics, 
structural components are distributed more 
evenly, while the structure of the eutectic 
becomes thinner. In hypereutectic alloys, 
the crystals of silicon are considerably 
refined and more evenly distributed, 

Mechanical Properties of the Alloys. 
Mechanical rupture tests were carried out on 
an AVERY machine with a scale of 500 kg 


Fig. 3. 
11.6% Si. a - Untreated. b - Sample treated 


ultrasonically (ultrasonified) 


Macroatructure of alloy Al-Si, containing 
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On average, the limit of strength was 
increased by 11 per cent in all “ultrasoni- 
fied’? alloys; a minimum is observed in the 
dependence curve of the strength limit on the 
composition of the alloys, lying near the 
eutectic point, Relative elongation rose on 
average hy 75 per cent, The difference in 
resilience was lowered in proportion to the 
increasing content of silicon in the compo- 
sition of the alloy ( Figs. 5,6). 

The Mechanism of the Ultrasonic Effect. 

On the basis of personal observations and 
data supplied from literary sources, we must 
suppose that augmentation of the centres of 


Fig. 4. Macrostructure of alloy Al-Si, containing 

15% Si. a - Untreated. b - Sample treated 

ultrasonically (ultrasonified) 

crystallization as a result of the effect of 

ultrasonics is fundamentally conditioned by: 
In the first place, dispersion and more 


even distribution of the additives in the 
whole of the melt; 

in the second place, refining and more even 
dissemination of the crystals which have 
grown to a determined dimension; 

in the third place, by the increased 
probability of spontaneous genesis of 
crystallization centres. 


6 kg/mm? 


10 15 
Si,%e 
Fig. 5. Change in strength limit of alloys Al-Si — 
against composition. 
195 


kem/ 


10 15 20 
Si, % 


Fig. 6. Change in resilience of alloys Al-Si 
against composition. 


The additives present in the melt in the 
form of ‘plankton’, fine crystals, possessing 
dimensional and orientational crystallographic 
similarity with the structure of the 
crystallizing phases, are ready-made centres 
of crystallization. Under the influence of 
ultrasonics, they can be partially refined 
and more evenly distributed over the extent 
of the melt, As a result of this, the total 
number of centres of crystallization is 
augmented, such as emerge per unit of time 
per unit of uncrystallized area of the 
liquid phase. 
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The emerging and growing crystals of the 
new phase are also partially refined under 
the influence of ultrasonics and are more 
evenly spread over the extent of the initial 
phase, This in its turn conditions the 
supplementary growth of the number of centres 
in which crystal growth commences, 

In the process of crystallization there 
emerge likewise local distortions and even 
breaks in continuity (cavitation) of the 
initial phase-analogous to super-saturation- 
characterized by local heightening of the 
thermodynamic potential, In the vicinity of 
sectors in which cavitation occurs and 
generally of sectors with heightened values 
of the thermodynamic potential, there is a 
markedly increased probability of the 
emergence of crystallization centres, 
conditioned both hy the presence of additives 
and by spontaneous crystallization, In this 
respect, ultrasonic action has a modifying 
character (21). 

Alteration of the dimensions and form of 
the shrink hole in ‘“ultrasonified’’ alloys in 
comparison with alloys crystallizing jn the 
normal manner, may be linked with the removal 
from the melt of gases with which alumino- 
silicon alloys are extremely prone to become 
saturated, 

We want to express our gratitude to 
V. I, Lazarev for his evident interest in our 
work and co-operation in completion of the 
present investigation, 


CONCLUSIONS 


1. As a result of the action of ultrasonics 
on crystallizing fusion of Al-Si (from 2.5 
to 20% Si) there occurs a sharp refining of 
the primary grain and the microstructure, 

2. The limit of strength of “u] trasoni fied” 
ingots grows on an average by 11 per cent, 
relative elongation ly 75 per cent, 

3. A general increase was noted in hardness 
and resilience on the part of the alloys. 


Translated by J. Grantham 
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INVESTIGATION OF TRANSFORMATIONS IN ALLOYED PERMALLOY* 
M. P. RAVDEL’ and Ia.P. SELISSKII 
Central Non-ferrous Metal Scientific Research Institute 
(Received 9 June 1958) 


Iron-nickel alloys were studied which in composition are close to Ni.Fe 
(permalloy) and are alloyed with Mo, Cu and Cr or contain such elements as Mm, 
Si, Wor V, which in several papers have been shown to affect the increase in 


the electric resistance and the magnetic properties. 


By dilatometric and 


thermomagnetic methods of measurement the various effects of the alloy elements 
on the structure of permalloy (Ni,Fe) have been demonstrated. 


There is as yet no clear concept of the 
intemal processes which occur in the heat 
treatment of alloyed permalloy (alloys on the 
basis of Ni,Fe). In papers [1-4] which deal 
with the effect of a third element on the 
ordering of Fe-Ni alloys the opinion is 
expressed that all alloying elements have the 
same effect on the structure of pemmal loy, 
that they weaken the ordering process a 
little. Recently, papers [5-7] have appeared 
which show that there is an anomaly in the 
electric resistance in Fe-Ni alloys con- 
taining Mo, It is suggested in these papers 
that another structural transformation ocars 
in molybdenum permalloy, different in nature 
from ordering. Investigation of Fe-Ni-Mo 
alloys [7] with different Mo contents (fron 
0 to 6 per cent) has shown that in this 
system a continuous transition occurs from 
ordering, accompanied by the lowering of the 
electric resistance usual for this process, 
to a process as the result of which a 
structural state emerges which is charac- 
terized hy an increase in the electric 
resistance and hy an anomalous change fn 
certain other physical properties. 

The systematic investigation made in this 
present study of the ordering process in 
alloyed alloys on a Ni_Fe basis has led to 
new data on the effect of alloy elements on 
this process, 
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SPECIMENS AND METHOD OF EXPERIMENT 


The alloy elements Mo, Cr, Cu, V, W, Si and 
Mn were introduced into an alloy of composi- : 
tion Ni_Fe at the expense of iron, The 19: 
dumival compositions of the alloys 
investigated are given in Table lL, 

The alloys, which were smelted in a high- 
frequency induction furnace, were poured into 
billets of 5 kg weight, homogenized in 
hydrogen at 1100° and then forged, partly 
into (sutunki?), partly into rods of 8-9 mm 
dia. Specimens for dilatometric and thermo- 
magnetic investigation (1 = 50 m, d = 3 mn, 
and | = 25 mn, d = 3 mm respectively) and 
wire of 1 mm dia. were made from the rods. 

All measurements of the electric resistance 
were made at room temperature on samples of 
1 mm dia. by the potentiometer method, The 
dilatometric investigations were made in a 


Schevenar type differential dilatometer with 
a special appliance for effecting isothermal 


holding. Thermomagnetic measurements were 
made in an anisometer of Akulov’s system, 
Here the magnetic saturation was measured in 
arbitrary units I (in scale divisions of the 
instrument). All specimens of the alloys 
investigated were subjected to heat treatment 
by stages (heating to 900° and subsequent 
cooling in stages with prolonged holding at 
temperatures of 550, 500, 450, 400, 350, 300 
and 250°C). At the end of each holding, 
which varied in duration from 24 to 120 hr 
depending on the temperature,’ the specimens 
were rapidly quenched in water, 


Transformations in alloyed permalloy 


TABLE 1 
Chemical composition of the investigated alloys* in % weight (Remainder iron) 


Ni Cu Cr Mo 


V W Mn Si 


75.2 
79.5 
76.8 
15.95 
75.01 
76.2 
76.32 
76.33 
76.15 
76.00 
76.00 
76.00 
76.00 


0.35 
0.35 
0.35 
0.35 
9.35 
0.35 
0. 35 
0.35 
0.35 
0.35 
2.77 
9.35 
0. 35 


* In all alloys the C content is 0.01-0.03%, and the S and P content at a minimum. 


This heat treatment should ensure that the 
specimens were in different stages of 
ordering corresponding to the quenching 
temperature, 


RESULTS OF THE MEASUREMENTS 


Fig. 1 shows the changes in the electric 
resistance compared with the specimen 
quenched from 900°, depending on the 
quenching temperature, The nature of the 
change in the electric resistance on heat 
treatment depends on the alloy element con- 
tent in the Ni,Fe alloy. 

The electric resistance of unalloyed Ni,Fe 
alloy (curve 1) drops sharply during the 
transition through the temperature of 
ordering ( == 300°). The final reduction in 
the electric resistance obtained as a result 
of the slow cooling of this alloy to 250° is 
25 per cent of the initial value for the 
alloy quenched from 900°. 

Deviation from the stoichiometric composi- 
tion (70% Ni, curve 2) reduces this effect to 
15 per cent and lowers the transition 
temperature to 460°. 

The introduction of Cu into the Ni,Fe alloy 
reduces this effect still further, but the 
sign of the effect does not change. As a 
result of the heat treatment in stages the 


electric resistance of an alloy containing 5% 
Cu is reduced by — 5 per cent (curve 3). 
Alloying with Yn, which in smal] quantities 
(0.5-1.0 per cent) is inevitably introduced 
into industrial alloys of the permalloy type, 


ge in electric resistanc 


Relative chan 


Fig. 1. Change in the electric resistance of 
Fe-Ni alloyed with various elements as a function 
of the quenching temperature, 

1-Ni,Fe; 2-79% Ni; 3-Ni_(Fe, Cu); 6-Ni_(Fe, Ci); 
9-Ni_, (Fe, Mo); 10-Ni, (Fe, Mn); 11-Ni, (Fe, Si); 
12-81, (Fe, ¥); 13-Ni, (Fe, V). 
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Transformations in alloyed permalloy 


considerably intensifies the reduction in the 
electric resistance observed in unalloyed 
Ni_Fe alloy because of ordering and corres- 
pondingly noticeably increases the tempera- 
ture of the transformation (curve 10). The 
final reduction in the electric resistance as 
a result of heat treatment in stages is 

50 per cent in an alloy with 3% Mn, i.e. 
double that in the binary alloy. 


In alloys alloyed with Mo, Cr, V and ¥, 
after prolonged holding at the stated 
temperatures, an increase in the electric 
resistance is observed (curves 9, 6, 13 and 
12 respectively), which in the alloy with 5% 
Cr reaches 6.5 per cent, in the alloy with 5% 
Mo 12 per cent, and in the alloy with 4% V 
20 per cent. In the alloy with 3.6% W the 
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Fig. 2. Dilatometer curves of alloyed Fe-Ni 
alloys after prolonged heat treatment in stages. 
a-Ni_Fe; b-Ni, (Fe, Mn), 3% Mn; ec-Ni_(Fe, Cu), 
1% ch; d-Ni_(Fe, Cu), 3% Cu; eNi 
5% Cu; f-Ni,(Fe, Si) 3% Si; g-Ni_(Fe, W), 

4% W; h-Ni_(Fe, Cr), 1% Cr; i-Ni_(Fe, Cr), 

3% Cr; joni (Fe, Cr), 5% Cr; pai (Fe, Mo), 
5% Ho; Iti, (Fe, V), 4% V. 


electric resistance increases relatively 
little (2.5 per cent). In the alloy with 3% 
Si (curve 11), too, an increase in the 
electric resistance to a maximum at 450° is 
observed. At higher temperatures the 
electric resistance of this alloy rises more 
steeply than in the other alloys. 

Fig. 2 shows the results of the 
dilatometric investigations. Al] specimens 
were studied in the state obtained as the 
result of the above described heat treatment 
in stages. The specimens were heated in the 


furnace of the dilatometer at an even rate of 
150°/hr to 700-800° and cooled in the furnace 
to room temperature, The temperature 
dependence of the coefficient of expansion, 
shown in Fig. 3, was obtained by calculation 
from the curves in Fig. 2. 

Fig. 2a shows the dilatometric curves for 
heating and cooling an unalloyed Ni_Fe alloy 
which had been brought into the ordered state 
by heat treatment in stages. On the heating 
curves one observes a sharp increase in the 
volume in a narrow temperature interval, 
which is due to the disordering of the 
specimen which is completed at 560°. This 
corresponds to the sharp maximum in the curve 
for the change in the coefficient of thermal 
expansion a with temperature (Fig. 3a). A 
similar A type shape of maximum was previously 
observed [6] in the temperature curves of the 
heat capacity of ordered specimens during 
disordering. 


"% 100 200 300 400 500 600 700 800 900°C 


Fig. 3. Curves for the dependence of thermal 


expansion on temperature. 
a-Ni_Fe; b-Ni, (Be, Mn); 


Ni, (Fe, Vv). 
The considerable residual volume increase 
observed in the Ni,Fe alloy after heating to 
700° and cooling tO room temperature is due 
to the fact that the specimen does not again 
manage to become ordered during the 
subsequent comparatively rapid cooling with 


cNi, (Fe, Cu) d, e- 
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the furnace of the dilatometer. This 
residual volume effect to a certain extent 
characterizes the initial degree of order. 

For the alloy with 3% Mn (Fig. 2b) the 
volume effect of disordering is even a little 
greater than for the Ni,Fe alloy. The curve 
of the change in the coefficient of thermal 
expansion with temperature (Fig. 3b) is for 
this alloy, too, characterized by the 
presence of a maximum, but its temperature 
(610°) is higher than in the case of the 
Ni,Fe alloy. 

én adding Cu to the Ni_,Fe alloy (Fig. 2c-e) 
the sharp increase in the volume observed in 
the disordering of that alloy is only slightly 
reduced and extended over a wider temperature 
interval. Correspondingly, the maximum in 
the curve of the change in the thermal 
coefficient of expansion with temperature is 
less pronounced for the alloy with 5% Gu 
(Fig. 3c). With increasing Cu cortent in the 
alloy the temperature of the transformation 
is lowered (for an alloy containing 5% Cu to 
450°) and the residual volume effect observed 
at room temperature is reduced. This can be 
explained by the fact that in the alloys 
containing Cu a lower degree of order is 
2stablished after the same heat treatment in 
stages than in Ni,Fe (concentration 
disordering). 

In the alloy with 3% Si (Fig. 2f) the 
increase in volume on heating is slight; the 
transformation occurs in a broad temperature 
region, At a temperature of 680° a break is 
observed in the dilatometric heating curve 
which corresponds to a sharp change in the 
thermal expansion coefficient. 

In alloys containing W (Fig. 2g) a certain 
increase in volume which begins on heating to 
a temperature above 500° is at 570° replaced 
by a sharp change in the coefficient of 
thermal expansion, which is expressed in the 
appearance of a break in the curve. 

For alloys containing Cr, Mo and V and 
displaying an anomalous increase in the 
electric resistance on heat treatment in a 
certain temperature interval (Fig. 1), a 
break in the curve connected with a sharp 
change in the thermal coefficient of expansion 
(Fig. 21-m) can clearly be seen. The 
temperature corresponding to this break 
varies from 500 to 600° depending on the Cr, 


Mo or V content in the alloy. Thus the 
change in the coefficient of expansion is 
linear, but in the region of 500-600° the 
curve for the coefficient of expansion as a 
function of the temperature is interrupted 
(Fig. 3d). 

The quenched specimens were investigated in 
the process of annealing in the dilatometer 
furnace for 5 hr at 450°, Heating to the 
selected annealing temperature was effected 
at the even rate of 150°/hr; during the 
isothermal holding the registration was 
switched off; the cooling after holding was 
arbitrary. Fig. 4a shows that the annealing 
of the Ni,Fe alloy at 450°, i.e. below the 
temperature of the transformation, is accom- 
panied hy considerable contraction. 


20 100 200 300 4Q0 500% 


Difference In the expansion 
of the specimen and the standard 


Fig. 4. Change in the volume of alloyed Fe-Ni 
alloys in the process of isothermal annealing in 
the dilatometer furnace. Annealing temperature 
450°, holding 5 hr 
a-Ni,Fe; b-Ni,(Fe, Mn); c-Ni,(Fe, Si); 
d-Ni, (Fe Mo) ; e-Ni, (Fe, W); f-Ni, (Fe V). 


The contraction observed on annealing the 
Ni, (Fe, Mn) alloy is even greater than for 
the binary alloy Ni ,Fe (Fig. 4b). This 
result is in agreement with the greater 
volume effect on disordering (Fig. 2b). In 
the alloy with Si (Fig. 4c) a slight con- 
traction is observed already in the heating 
process; it increases during holding. 

In alloys containing Mo, W and V which 
show the same dilatometric anomalies on 
heating, the reduction in volume on 
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annealing, which is characteristic for the 
ordering process, is not observed. On the 
contrary, all these alloys show some increase 
in volume on annealing, and the cooling curve 
lies a little above the heating curve. 

The thermomagetic investigations were made 
in the process of continuous heating and 
cooling on specimens which were brought,to a 
different structural state by the preceding 
heat treatment. 
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Fig. 5. Thermomagnetic curves on heating and 
cooling (a) NixFe; (b) Niz(Fe, Mn); (c) Niz(Fe, 


Si). 1. After quenching from 900° in water; 
2. After heat treatment in stages. 


T 


The thermomagnetic heating curve of a 
quenched Ni,Fe allay (Fig. 5a) shows a certain 
increase in the magetic saturation and the 
appearance of a “hump” caused by the partial 
ordering of the quenched specimen in the 
heating process in the interval] of the 
ordering temperatures. On further 
heating above 500° the order partially 
established on heating is destroyed which is 
accompanied by a sharp drop in the magnetic 
saturation to zero at 575°. Heating to 700° 
leads to the complete disordering of the 
specimen, The specimen was cooled with the 
furnace. The Curie temperatures were the 
same on heating and cooling, since in both 


cases they merely characterize the disordered 
state, 

At temperatures up to 450° the magnetic 
saturation has a lower value on cooling the 
disordered specimen than on heating; below 
450° cooling proceeds more slowly, the 
specimen manages to get partially ordered and 
the magnetic saturation becomes greater than 
on heating. On the heating curves of the 
annealed specimens of this alloy no increase 
in the magnetic saturation is observed at the 
ordering temperatures, since in its initial 
state the specimen was already partially 
ordered, The sharper drop in the value of 
the magnetic saturation above 500° is in this 
case also due to disordering. The Curie 
temperature for this specimen is also 575°. 

The heating was carried to complete 
disordering, and the same cooling curve was 
obtained as for the quenched specimen, 

During the cooling process the specimen was 
held for 1 hr at 470°, as a result of which 
the value of the magnetic saturation increased 
a little. 

The thermomagnetic curves of the quenched 
specimen of the Ni, (Fe, Mn) alloy (Fig. 5b) 
has the same peculiarities as that for the 
Ni,Fe alloy: the value of the magnetic 
saturation increases at the temperature where 
ordering is rapid and a “hump” appears on the 
curve, On heating the quenched specimen of 
the alloy the Curie point lies at 560°, but 
on cooling the completely disordered specimen 
it lies at 540°, while a certain blurring of 
the Curie point is observed both on heating 
and on cooling. 

The discontinuity in the cooling curve at 
475° corresponds to the holding for 1 hr; on 
further cooling the quantity I becomes 
considerably greater than on heating. The 
increase in J after cooling to room tempera- 
ture is about 8 per cent of the initial value 
for the quenched specimen, The thermomgnetic 
curves of the specimen of the alloy which was 
completely ordered beforehand is very differ- 
ent from the curves for the quenched specimen, 
There is no “hump”? in the heating curve due 
to ordering in the heating process, At 
temperatures of about 600° the quantity I 
drops sharply due to disordering. From the 
data of the dilatometric investigation it 
appears that the disordering of this alloy 
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occurs precisely in this temperature region, 
(Fig. 3b). In this case the Curie point is 
considerably higher than for the quenched 
specimen, The specimen was further heated 
to 700°, and this, apparently, ensured its 
complete disordering. On cooling very strong 
hysteresis was observed for the magnetic 
transformation; on cooling the disordered 
specimen, the Curie point was considerably 
lower than on heating, The quantity I 
becomes considerably less on cooling than on 
heating. 


This difference, which is very great at 
high temperatures, decreases somewhat when 
room temperature is approached, since in the 


cooling process the specimen becomes partially 


ordered. Nevertheless, the difference in the 
value of the magnetic saturation is about 

12 per cent at room temperature, A compari- 
son between the values for I at room tempera- 
ture for the binary allay Ni,Fe and the alloy 
Ni, (Fe, Mn) in different initial states shows 


the characteristic influence of Mn: in 
unordered alloys Mn, like other alloy 
elements, lowers the magnetic saturation, 
while in the ordered Ni_Fe alloy the presence 
of Mn raises its aagnetic saturation. 

For the alloy with 3% Si which displays an 
anomaly in the electric resistance the 
heating curve of the quenched specimen is 
characterized by a considerable blurring of 
the Curie point (Fig. 5c). In this case one 
can conditionally determine two Curie points 
from the thermomagnetic curve: e, is 
determined by extrapolation to I = 0, and @ P 
as the temperature of the complete loss of 
ferromagnetism, For the alloy with Si, 
6,=425° and 4 = 510°. 

This effect can be explained by local 
chemical inhomogeneities jn the solid 
solution due to the formation of chemical 
complexes distinguished by a higher Curie 
point around the Si atoms which have a high 
chemical affinity to iron, at 400°. The 
specimen was heated to 700°. On cooling, 
the Curie point was considerably higher than 
on heating, which indicates a very high rate 
of formation of these complexes at high 
temperatures, The cooling curve lies above 
the heating curve. The increase in I after 
cooling to room temperature is 13.5 per cent, 


We note that the results described above of 
the dilatometric investigation also showed a 
greater rate of transformation on cooling 
this alloy than for the binary alloy Ni,Fe. 
On heating the first ordered specimen no 
blurring of the Curie point is observed, but 
it lies considerably higher (560°) than for 
the quenched specimen, On heating, the 
irreversibility of the ferromagnetic 
transformation is obserbed — the Curie point 
is somewhat lowered, 

For the Fe-Ni alloys containing Mo and V 
which also display an anomaly in the electric 
resistance and the same dilatometric 
peculiarities the thermomagnetic curves are 
similar (Fig. 6). (1) As for the alloy with 
Si, the heating and cooling curves show a 
blurring of the Curie point; (2) the Curie 
point for the quenched specimen lies 
considerably below that of the specimen which 
has been subjected to prolonged heat treat- 
ment; (3) for quenched specimens the Curie 
point lies on cooling always above that on 
heating, and correspondingly, the value of I 
is greater on cooling than on heating, 
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Fig. 6. Thermomagnetic curves on heating and 
cooling the alloy Ni,(Fe, V), 4% V. 

(a) after quenching; (b) after heat treatment in 
stages; o heating; e cooling. 


CONCLUSIONS 


The introduction (at the expense of iron) 
of 3% Mn makes for a considerable increase in 
the effects of ordering on Ni,Fe alloys. 
This is expressed in a considerably greater 
reduction of the electric resistance on heat 
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treatment in stages. In this alloy a greater 
volume effect is also observed on ordering 
than in the binary alloy. The temperature of 
the order-disorder transformation is in this 
alloy higher than in the Ni_Fe alloy. The 
magnetic saturation of the ordered alloy 

Ni, (Fe, Mn) is considerably higher than that 
of the Ni_Fe alloy, while the presence of Mn 
lowers the magnetic saturation of the 
disordered alloy Ni,Fe., This characteristic 
effect of Mn is due to the structure of its 
3d shell. Other solid solutions which also 
contain Mn (e,g,. the Heusler alloys or the 
alloy Ni,Mn) become ferromagnetic on 
ordering. Apparently, Mn also takes part in 
magnetic interaction in an ordered lattice, 
as a result of which the magnetic saturation 
increases greatly. An additional reduction 
in the electric resistance on annealing this 
alloy is another result of the increase in 
the saturation in the ordered alloy Ni, (Fe, 
Mn), 

The action of Cu in the alloy Ni,Fe amounts 
to concentration disordering, Additions of 
Cr, Wor V influence the ordering process in 
the alloy Ni_Fe in the same way as Mo [3], 
altering the nature of the observed effects 
fundamentally. 

As in molybdenum permalloy, so in the 
alloys containing Cr, V or W, an “anomaly in 
the electric resistance” is observed, i.e. 
an increase in the electric resistance on 
heat treatment in the temperature interval 
of ordering. All these alloys display the 
same dilatometric and thermomagnetic anoma- 
lies. No contraction of the lattice on the 
annealing characteristic for the ordered 
state is observed in these alloys. A sharp 
increase in volume on annealing is also 
lacking in these alloys. The dilatometric 
peculiarities of these alloys are limited 
to a change in the thermal expansion coef- 
ficient at the temperature of the transfor- 
mation. In al] these alloys, instead of a 
sharply defined Curie point, one observes a 
temperature interval for the ferromagnetic 
transformation. This effect of Mo, Cr, W 
and V can be explained by the fact that 
within the single-phase solid solution 
complexes (regions of close order with 
stronger chemical] bonds) are formed at 
certain temperatures which have a different 
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Curie point from the basic solid solution, 
These complexes can be formed around the 
atoms of the admixture as a result of their 
having a great chemical affinity to the atoms 
of the main components of the solid solution. 
The preferred grouping of the iron atoms, for 
instance, around the atoms of the alloy 
element can lead to the destruction of the 
long-range order in the solid solution, The 
more the alloy element differs from the basic 
elements of the solid solution, Fe and Ni, in 
its electro-chemical nature, the stronger 
will be this affinity and the more stable 
the complexes that are being formed, which is 
confirmed by the greater effect of V compared 
with Cr and even Mo. 

This is still more convincingly seen in the 
alloys containing Si, which forms the 
strongest complexes, From the results of the 
dilatometric and thermomagnetic investigation 
it is evident that in these alloys the 
destruction of these complexes can be 
achieved at higher temperatures than in the 
other alloys investigated. The rate and 
temperature of the formation of the struc- 
tural state at which complexes are formed in 
the solid solution are in this alloy higher 
on cooling from high temperatures than in 
the other alloyed alloys and certainly 
higher than the temperature and rate of 
ordering in the binary alloy Ni,Fe. 


Translated by B, Ruhemann 
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ON REVEALING THE STRUCTURE OF METALS BY 


GAS 


1ON BOMBARDMENT* 
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Moscow Lomonosov State University 
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In the course of previous papers [1, 3] the possibility has been demonstrated 
for revealing the structure of metals in a broad temperature interval by means 


of ion bombardment; 
alloys by the method of ion etching; 


for accurately revealing the structural components of 
for the quantitative investigation of the 


depth of the boundaries between the grains of a metal by means of stereoscopic 
electronographs in a broad range of change of the parameters of the discharge; 


of finding the optimum ion bombardment regime. 


Certain possibilities of the 


IuIT-1 equipment designed in the laboratory for etching metals are discussed. 


REVEALING THE STRUCTURE OF METALS IN A 
WIDE TEMPERATURE INTERVAL 


The revealing of the structure of metals 
and alloys with the help of ion bombardment 
at low pressures in the gaseous discharge 
has certain peculiarities and in certain cases 
has advantages over chemical etching [1, 7]. 
These advantages are also preserved when 
cathode bombardment is used for revealing the 
structure of metals heated to a given tem- 
perature, 

By chemical etching it is impossible to 
obtain the structure of the heated specimen 
directly. Usually the specimen is heated to 
the required temperature, then rapidly cooled 
and chemically etched in the cold state, It 
is then assumed thwt the structure of the 
specimen is not altered on rapid cooling, 
This assumption, however, may not always be 
correct. The sphere of application of 
chemical etching is also limited by the 
etching agent which may be effective only in 
such places where there are chemically 
unstable compounds, If there are no such 
compounds, it is difficult to reveal the 
structure of a metal by the chemical method, 

The use of the ion bombardment method 
eliminates these difficulties. 

At high temperatures the structure of 
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metals can also be studied with the help of 
high temperature heating in a vacuum [2]. 

But the lower limit of temperature for vacuum 
etching is 0.5-0.6 per cent from the melting 
point of the metal. the structure of metals 
can be successfully revealed with ion 
bombardment at any temperature, in particular 
in the interval between room temperature and 
0.6 per cent of the melting temperature of 
the metal where chemical and vacuum etching 
are impossible, Ion etching can also be used 
at temperatures where selective evaporation 
of the metal is already taking place; in 
this case cathode bombardment accelerates the 
process of revealing the structure of the 
material investigated, 


To show the possibilities arising from the 
use of the cathode bomardment method to reveal 
the structure of a heated material several 
typical alloys were investigated, The 
bombardment of the specimens at a given 
temperature was effected in the IuIT-1 [3] 
equipment for the ion etching of metals which 
has a special appliance for heating the 
specimen (from 100 to 700°) and for measuring 
its temperature, 

Specimens in the form of sheets of 
aluminium-magnesium alloy (6% magnesium) were 
subjected to ion bombardment at 500°, 
Revealing the recrystallization structure of 
an alloy with 6% magnesium does not present 
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difficulties but only if inclusions of the 
second phase are present along the grain a 
boundaries, i.e. when the alloy is subjected 
to heterogenizing treatment, If the allay is 
heated to 500°, both at that temperature and 
after cooling it is a solid solution. In 
that case only destructions of the crystal 
lattice are present along the grain boun- 
daries, and chemical etching does not succeed 
in revealing the grain, Cathode bombardment 
(together with selective evaporation which 
occurs at that temperature) easily reveals 
the grain boundaries of an aluminium- 
magnesium alloy (6.5% magnesium) heated to 
500°. Fig. 1b shows the surface of this 
alloy etched with neon ions at 280°, and 

Fig. la the structure of the same alloy 
revealed by cathode bombardment at 500°. 

From a comparison of the two photographs it 
is evident that at 500° the grain of the 
alloy is considerably larger and the boun- 
daries finer, 

Besides this alloy, specimens of YalT steel 
were also examined in the IuIT-1 equipment, 
in which at temperatures above 500° carbides 
of chromium are precipitated along the grain 
boundaries. With chemical etching the 
presence of the chromium carbides can only 
be observed from the holes in the place of 
the etched-out carbides, With ion etching 
at 600° the precipitation of the chromium 
carbides along the grain boundaries was 
observed in the form of little dark spheres 
of ~ 1-2 ydia. A photograph of the surface 
of the specimens of IalT steel etched at 600° 
and then cooled is given in Fig, 2. 

In bombarding specimens heated to 300-700° 
no difference of any kind was observed 
between their structure and that of the same 
specimens first heated and then etched with 
ions in the cold state, To discover any 
such difference, it is necessary to photo- 
graph the surface of the specimen immediately 
after ion etching, without cooling it or 
taking it to the air with the aid of a 
special appliance, * 


Fig. 1. Structure of an allay on a basis of 
aluminium with 6.5% magnesium revealed with 
cathode bombardment; x 240. 
a. After bombardment at 280°: 

i =2kV, j =2mA/cm’, = 30 min 
b. After bombardment at 500°: 

i=2kV, j =2mA/om?, = 30 min 


Fig. 2. Surface of IalT steel after etching with 
the method of ion bombardment at 600°; x 480. 
i= 3kV, j =3mA/om, t =2hr 


* Such an appliance to the IuIT-1 equipment was 
made a little later. The results obtained 
with its aid were reported at the All-Union 
electron microscopy conference in May 1958. 
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SHOWING UP STRUCTURAL COMPONENTS WITH 
ION ETCHING OF ALLOYS *” 


Cathode bombardment is a good method for 
showing up individual structural components 
of alloys. the structure of the austamite 
and ferrite phase of IalT steel may serve as 
an example. Fig. 3 shows a photograph of the 
surface of the steel after bombardment; one 
can see the grains of ferrite and austenite 
arranged in chains. For better visibility 
the specimen was oxidized after bombardment, 
and the austenite grain took on a light 
brown colour. The steel was etched under the 
following regime? voltage between electrodes 
6 kV, density of discharge current 10 mA/cm’, 
air pressure 107! mm, bombarding time 30 min. 

With the aid of ion bombardment it is also 
easy to observe the martensite component of 
steel [i]. 


Fig. 3. Ferrite and austenite grains obtained 
with cathode bombardment of IalT steel; x 480. 
i=6kV, j = 10 mA/em?, P =10°? m, = 30 min 


Experience shows that etching with the 
method of ion bombardment makes it possible 
to show up the structure of a meta] even in 
cases where there are very few impurities at 
the grain boundaries, and that the main role 
is evidently played by the destruction of 
the crystal structure (where chemical etching 
does not yield satisfactory results). The 
above described case of the structure of an 
aluminium-magnesium alloy (6.5% magnesium) 
revealed at 500° may serve as an example, 


* The authors express their gratitude to 
L.A. Goncharova for providing specimens and 
valuable advice on carrying out the work. 


Fig. 4. Structure of pure sheet aluminium (99. 98%). 
a. After chemical etching. b.after etching by ion 
bombardment; i =2kV, j = 4 mA/cm?, 

P=5x 10°? m, = 60 min 


Besides, we succeeded in revealing the 
structure of pure sheet aluminium with cathode 
bombardment, Fig. 44 shows the photograph of 
the surface of sheet aluminium after chemical 
etching, Fig. 4b after cathode bombardment. 


FINDING THE BEST REGIME FOR THE 
ION BOMBARDMENT OF METALS 


For the etching of metals and alloys with 
jon bombardment the correct choice of etching 
regime, i.e. of a definite density of the 
discharge current, voltage between the 
electrodes and duration of etching, is of 
great importance. One can best judge the 
degree of revealing the metal structure by 
the depth to which the boundaries between the 
grains are etched. Therefore, for the choice 
of the correct bombardment regime the depen- 
dence of etching of the grain boundaries on 
the parameters of the gaseous discharge 
during one and the same bombardment time was 
studied, 

In distinction to paper [i] the etching 
depth of the grain boundaries of the metal 
was determined for a wider interval of 
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change in the voltage between the electrodes 
(up to 10 kV) and discharge current density 
(up to 15 mA/cm?), It was important to 
select an etching regime which would bring 
out the structure of the material investi- 
gated best and in the shortest time. To 
shorten the time of ion etching one can 
increase both the voltage between the 
electrodes and the density of the discharge 
current. It is, however, not known before- 
hand to what limits and which to increase 
for the best effect: the density of the 
discharge current or the voltage between the 
electrodes. To find the answer to this 
question the dependence of the etching depth 
of the grain boundaries of technical] copper 
on the density of the discharge current and 
the cathode voltage was determined at the 
constant time of bombardment of 5 min. 


The density of the discharge current was 
regulated by changing the gas pressure (neon) 
within limits of 1 x 107! to 5 x 1073 mm, 
where the coefficient of bombardment [4] and 
the etching depth of the grain boundaries [1] 
do not depend on the gas pressure, 

The depth of the boundaries was measured by 
stereoscopic method, A quartz replica was 
taken of the bombarded specimen surface and a 
certain section of it photographed in a 
IuEM-100 electron microscope at angles of +6 
and -6° to the optical axis. The pair of 
stereoscopic photographs so obtained (Fig. 5a 
and b) was examined in an SM-3 stereometer 
which reproduces the three-dimensional 


effect. The depth of the three-dimensional 
picture was calculated from the formula [5] 
a P 
sin (1) 
9 


where P is the linear parallax, mM the 
magnification, Y = 12° the angle through 
which the object is turned in the electron 
microscope. The method for measuring the 
depth to which the boundaries were etched 
previously described by us [1] was applied, 
For greater reliability of the results the 
bombarded grain boundaries were studied in 
neon and in air for several kinds of techni- 
cal copper (technical copper was chosen for 
the convenience of its pre-treatment and its 
quick pulverization) in two different sets 
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Fig. 5. Pair of stereoscopic photographs of the 
surface of technical copper bombarded at i = 6 kV, 
j = 3.7 mA/em?, t = 5 min, Photograph of quartz 
impression in an electron microscope under angles 
of +6 and -6° to the optical axis; x 400. 


of equipment. The specimens were etched 
first in a glass tube, The specimen to be 
studied was mounted in the tube as the 
cathode. During bombardment the temperature 
of the specimen was kept constant by water 
cooling. The dependence of the etching depth 
of the grain boundaries on the voltage 
between the cathode and the anode was 
determined under neon bombardment, The 
discharge current was kept constant 
(j = 25 mA/cm*), The results of the 
measurement are given in curve 3 of Fig. 6. 
We did not succeed in obtaining the 
dependence of the etching depth of the grain 
boundaries on the density of the discharge 
current with bombardment of the specimen in 
a glass tube, since the specimen became 
rapidly overheated at current densities 
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above 5 mA/cm? and the pressure rose quickly. 
It was therefore, necessary to conduct the 
bombardment under continuous pumping or with 
more intense cooling of the specimen. This 
was more convenient to do when the specimens 
were bombarded in IuIT-1 equipment with 
intense cooling of the specimen with a 
mixture of dry ice and alcoho] and in a gas 
flow under continuous pumping [3]. 


450 8, mu 
055 


8 8 
i, kV 


Fig. 6. Dependence of the etching depth of the 
grain boundaries of technical copper on the 
voltage between the electrodes (t = 5 min). 

1. j = 3 -mA/om?; 2. j = 3.7 mA/cm?; 

3. j = 2.5 mA/om?. 


The dependence of the etching depth of the 
grain boundaries on the density of the 
discharge current was studied on two 
specimen types out from technical copper of 
Slightly different composition. The density 
of the discharge current was varied from 5 
to 15 mA/om?, The voltage between the 
electrodes was kept constant and equal to 


5 kV. ‘The specimen was bombarded, as before, 


for 5 min, The dependence of the depth to 
which the grain boundaries were etched on 

the density of the discharge current proved 
to be linear (Fig. 7). The inclination of 


the straight lines in Fig. 7 is not the same 


because the composition of the specimens 
studied was different, 
to increase the rate of etching one can 
choose to increase the density of the 
discharge current, 


The dependence of the etching depth of the 


grain boundaries 5 on the voltage i between 
the electrodes was also studied with IuIT-1 
equipment, 


was varied from 4 to 10 kV. The curves so 
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The figure shows that 


The voltage between the electrodes 


10 
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j, ma/ om? 
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Fig. 7. Dependence of the depth of etching of 
the grain boundaries of two kinds of technical 
copper on the density of the discharge current 
at i =5 kV; P=1-x 107! to1 x 1073 m, 

t = 5 min 


obtained are given in Fig. ‘6, Curve 1 
corresponds to a density of the discharge 
current of 5 mA/cm?, curve 2 to 3.7 mA-cm?) 
(curve 3 was obtained from the investigation 
of a specimen bombarded in a glass tube with 
a density of the discharge current of 

2,5 mA/om?). All three curves show approxi- 
mately the same dependence of the etching 
depth of the boundaries on the voltage, The 
decrease in the rate of growth of 6 with 
increasing i is possibly explained thus: 
ions with sufficiently high energy penetrate 
so deeply into the lattice of the metal (in 
particular into the grain boundaries) that 
the number of excited atoms capable of 
leaving the surface of the meta] decreases, 
For certain values of ion energy this may 
compensate for the increase in the bombard- 
ment coefficient with increasing Eo» which 
is in fact experimentally observed [6]. 
This explanation is in agreement with the 
modern radiation theory of cathode bombard- 
ment [6]. 

From an analysis of the curves for the 
dependence of the etching depth of the 
boundaries between the grains of the metal 
on the density of the discharge current and 
on the voltage between the electrodes one 
may draw the following conclusion: to 
accelerate the process of revealing the 
structure of a metal it is useless to raise 
the voltage between the cathode and the 
anode above 8-9 kV. It is better to increase 
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the density of the discharge current, The 
highest permissible strength of the discharge 
current for cathode bombardment of metals is 
determined by the intensity of cooling the 
specimen, In our case, where the specimen 
was cooled with a mixture of dry ice and 
alcoho] (having a temperature of about -70°) 
one should not use current densities of 


more than 15 mA/om?, With more intense 
cooling, however, one can use stronger 
discharge currents, The best regime for the 
bombardment of technical copper is the 
following: j = 10 mA/cm?, i 9 kV, 

t=5 min, p = 5x 1072 mm, 


Translated by B, Ruhemann 
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A STUDY OF THE STRUCTURE OF IRON AND STEEL IN 
HIGH TEMPERATURE OXIDATION 8Y ATMOSPHERIC AIR* 
B.I. KOSTETSKII and 0.I. TROTSIK 
Kievskii Institute Grazhdanskogo Flota 
(Received 14 April 1958) 


The microstructure of the cast iron skin 
has been examined by Arkharov [1], Fedotiev 
and Petrenko [2], Tikhomirov, Ipatiev and 
Gofman [3], Pfeil [4, 6], Zibert [11-14], 
Paidassi [7-9], Heindlhofer and Larsen [15], 
and Benard and Coquelle [5]. Stead’s 
research work established metallographically 
the existence of a layer of a solid solution 
of oxygen in cast iron immediately under its 


skin, also the intercrystalline nature of the 


spread of the solid solution in the micro- 
structure of the specimen. 

The aim ofour experiments wasto compare our 
data relating to the properties of the oxide 


phase with the corresponding results relative 


to the phases observed in the surface layers 
of cast iron during the oxidizing friction 
(Fig. 1). 

We conducted the oxidation of Armco-iron 
and St 45 specimens at temperatures ranging 
from 650 to 800° with 2 hr soaking in the 
course of heating. Some specimens were 
cooled in the air, others in water, 

The structures of the surface layers of 
oxidized specimens of Armco-iron are illus- 
trated in Figs. 2-5. These photographs were 
obtained after heating the specimens at 
800°, soaking them at that temperature for 
2 hr, and then cooling them in the air at 
20° and in water at 15°. 

Their microsections were etched in a 4 per 
cent solution of nitric acid in ethyl 
alcohol. Their skins, as usual, consisted of 
three layers: The outer layer of ferric 
oxide (5-45 #2) contiguous to the air; The 
intermediate layer of magnetic ferric oxide 
(30-120 2), and the inner layer of ferrous 
oxide (70-150 4). ‘The overall thickness of 
the skin was from 100 to 300 uw. 
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Fig. 1. Cross-section of the surface layer of the 
worn out pin of a crankshaft made of St 45. 


a ~— structure of phase II of oxidation; 
b -— structure of phase I of oxidation; 
c — parent metal x 500. 


Their hardness, measured layer by layer 
under a load of 50 g, was as follows: 
For the outer (Fe ,0,) layer it was 
1145 kg/mm?; 
For the intermediate (Fe 0.) layer 
645 kg/mm?; and the inner (FeO) layer: 
the outer underlayer 550 kg/mm? and the 


inner underlayer 645 kg/mm?, 
The hardness of the parent metal was 
140 kg/mm?, 

Immediately under the skin there is a layer 
of ironstreaked with veinlets of light milky 
colour. These veinlets, which are of 
considerable thickness under the skin, become 
gradually thinner and thinner in proportion 
to their depth in the iron. They are located 
on grain boundaries and in the grains them- 
selves (Fig. 2, 3A). 

In some cases the unetchable structural 
component embraces entire grains (Fig. 3A). 

The depth of this layer, interlaced by a 
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Fig. 2. Cross-section of the surface layer of 
Armco-iron specimen after oxidation at 800°. 

a — skin and metal boundary; b — light-coloured 
veinlets going deep into the metal. x 400. 


network of light-coloured veins, is about 
30 » (Fig. 2), reaching in isolated cases a 
thickness of 250 p. 

The hardness of the light-coloured structure 
when measured under a load of 20 g was 
500 kg/mm? in the case of the air cooled 
specimens, and 550 kg/mm? in the case of the 
water-cooled specimens, the hardness of the 
cast iron being 140 kg/mm’, 

The specimens oxidized at 650-800° were 
examined under a MII-4 microscope, revealing 
the fact that the light-coloured veinlets, 
which emerge on the surface of the specimen 
at a temperature of 600° and over, produce a 
curvature of interference lines. This fact 
once mere indicates the different hardness 
and etchability of the light-coloured 
veinlets and the parent metal (Fig. 3A-B). 


Fig. 34 Cross-section of the surface layer of 
Armco-iron after oxidation at 800°. 

a -— skin and metal boundary; 

b — light-coloured structure x 174. 


4n interferogram of the light-coloured 
structural components enveloping entire 
grains, is shown in a cross-section of the 
surface layers of the specimen in Fig. 38. 

A clearer picture of the curvature of 
interference lines was observed during the 
examination of the surface of specimens made 


Fig. 3R The same place as in Fig. 3A, with 


interferrogram. 
a — skin and metal boundary. x 174. 


of Armco-iron (Figs. 4A-B and 5A-B). With 
this object in view we prepared micro- 
specimens hy the method of “transverse 
section.’’ The micrographs shown here 
indicate the presence under the skin of a 
phase distinguished by its poor etchability 
and abruptly increased hardness. Seemingly 
the layer of iron under the skin represents 
solid solutions of oxygen in the iron. 

After the air cooling of the Armco-iron 
specimens, the light coloured structural 
components have a somewhat lower hardness 
than the water-cooled ones. The light- 
coloured structural component of the water- 
cooled specimen has more sharply defined 
boundaries with the grains of iron (Fig. 4A, 
4R),. The structure of the surface layers of 
St 45 after oxidation in a furnace at 650°, 
soaking for 2 hr, and sudden cooling, can be 
seen in Fig. 6, 


Fig. 44 Surface under the skin of Armco-iron 
specimen after oxidation at 800°, cooled in 
water. x 174. 


Under the layer of the skin can be discerned 
unetchable grains as well as groups of grains 
of milky colour of great hardness, The latter 
was determined under a load of 5 g. The hard- 
nessof white unetchable grainswas found to be 
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equal to 680 kg/mm?, the hardness of 
pearlite grains amounted to 260 kg/mm?, and 
that of ferrite grains to 140 kg/m. 

It should be noted here that the hardness 
of the white structural components emerging 
in the course of friction of a crank pin 


fer 4B Same place as in Fig. 4A, with inter- 
ferogram x 174. 

made of normalized St 45 steel, is equal to 
650 kg/mm? (Fig. 1), i.e. these structures 
are identical with the unetchable structure 
produced hy direct oxidation of St 45 

(see Fig. 6). 


Fig. 54 Surface of Armco-iron specimen under the 
skin after odixation at 800°, cooled in the air. 
x 384. 

a — light-coloured veinlet. 1. hardness ,impres- 
sion of the parent metal. 2. hardness impression 
of light-coloured veinlet. 


Therefore, a sudden change of the 
properties of iron takes place as a result 
of the diffusion of oxygen. 

The data obtained in the case of the 
oxidation of Armco-iron and St 45 confirm 
our hypothesis about the mechanism of 
oxidation on friction by the formation of 


Fig. 5B Interferogram of the surface under the 
skin of Armco-iron specimen after oxidation at 
800°, cooled in the air. 

a — grain boundary. 

b — light-coloured veinlets. «x 174. 


Fig. 6. Cross-section of surface layer of St 45 
specimen oxidized at 650°. 


a — skin. 
b — white unetchable structure «x 666. 


solid solutions of oxygen in iron, which 
becomes fixed under certain conditions of 


cooling, 


Translated by H.G Condover 
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DETERMINATION OF THE THERMO-E.M.F. SIGN OF 
SEPARATE MICRO-CRYSTALS OF A MICROSECTION 
WITH THE AID OF A MICROHARDNESS GAUGE* 
V.N. NOVOGRUDSKII and I.G. FAKIDOV 
Institut Fiz. Metal. Akad. Nauk SSSR 
(Received 21 May 1958) 


One of the important characteristics of a 
substance is the sign of its current-carriers, 
for on it depends a whole series of physical 
properties of metals and semiconductors. 

From a sign of current-carriers it is 
possible to draw a primary conclusion as to 
the energy spectrum of electrons of a crystal, 
i.e, as to whether its effective mass is 
positive or negative. 

It is common knowledge that the type of 
current-carriers in a single phase specimen 
can be determined by the thermo-e.m,f, sign 
or the Hall constant. However, the case of 
alloys composed of a mixture of a number of 
phases is more complex since here the 
current-carriers of opposite sign may 
correspond to different phases. Therefore, 
it would be of interest to emplay a method 
which would make it possible to determine the 
sign of current-carriers of each individual 
phase. Boltaks and Zhuze [1] have used for 
this purpose a ‘thermosounder’ which with the 
aid of a micrometer moved under the microscope 
lens of twenty-diameter magnification. 
However, the use of such a method is fraught 
with difficulties since in cases of large 
magnifications (of the order of 100 to 300) 
the distance between the microsection plane 
and the objective is short, and this makes it 
difficult to position the thermosounder. 

Therefore, for this purpose a PMT-3 micro- 
hardness gauge was used [2]. A thermosounder 
was fitted into the loading mechanism in 
place of a miniature diamond pyramid. A 
tungsten needle, whose end was sharpened hy 
means of electrolytic polishing to the thick- 
ness of the order of 6-10 y**, was used as a 
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thermosounder. The needle was fitted into a 
chuck and wound with a heater made of fine 
constantan (see Fig.1). The order in which 
the microhardness gauge for determining the 
thermo-e,m.f. sign was used, was the same as 
when measuring the microhardness [2]. The 
cross-wires of the microscope could be so 
adjusted as to get any desired spot on a 
microsection under their point of intersec- 
tion, This is done with the aid of the 
micrometer screws of the stage which is 
turned through an angle of 90° when the 
loading mechanism is lowered, bringing the 
heated tungsten needle into contact with the 
specimen, This makes it possible to decide 
by the deflexion of the galvanometer the 
nature of the thermo-e,mf. sign of the spot 
intersected by the cross-wires of the micro- 
scope. Our load was chosen in such a way as 
to make a satisfactory electric contact, 
taking care at the same time to ensure that 
the contact area of the needle and the 
specimen was sufficiently small, The load of 
our experiments varied from 0.5 to 3 g. 

So long as the area of the end of the 
needle was suitably small, it was possible 
to determine thé thermo-e.m.f, sign of any 
individual grain, The apparatus has to be 
decentred to enable the thermosounder to 
touch the spot to which the cross-wires of 
the microscope are directed. Having ensured 
that the mark made by the needle on the 
microsection can be plainly distinguished, 
the apparatus is centred in the normal way. 


[2] 


** The electric polishing was done in a 
25 per cent aqueous solution of KOH. 
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Schematic drawing of a thermosounder. 
2. Chuck. 3. Heater. 


Fig. 1. 
1. Tungsten needle. 


However, if the hardness of the specimen in 
question is high, the tungsten needle either 
does not leave any mark, or if it does, the 
mark is not very distinct, In such cases the 
procedure of centring the apparatus was as 
follows: An aluminium microsection was placed 
hy the side of the specimen, By varying the 
height of the former we endeavoured to bring . 
both the aluminium microsection and the 
specimen into focus, Subsequently the 
device was centred on the impression made by 
the needle on the aluminium, Since the 
distances of the planes of the specimen and 
the aluminium microsection from the objective 
were the same, the apparatus also remained 
centred when the specimen was being examined, 
This method of centring was verified on the 
aluminium microsection. The apparatus 
remained well centred even when the distance 
between the microsections was about 10 mm and 
the difference in their distances from the 
lens reached 0.02 mm, 

To verify this method, we used alloys of 
Mn-Sb system guided by the following 
considerations: 

1, The alloys of this system in concen- 
trations ranging from 0 to 50 at.% Mn, 
contain antimony as one of their structural 
components; and alloys with more than 
70 at.% Mn have free manganese. The thermo- 
e.m.f. signs of manganese and antimony are 
wel] known, Antimony has hole conductivity, 
whereas manganese has electronic conductivity. 
Therefore, by determining the thermo-e.m, f, 
signs of antimony and manganese, which are 
contained in an allay as one of the phases, 
the correctness of the method can be verified. 

2. The system MnSb has zones whose 
structural components form a eutectic as well 


as zones with a mixture of two phases. 
Therefore, a study of Mn-Sb alloys enables 
one to verify the above method by means of 
various types of mixtures. 

3. The grains of a eutectic are of the most 
varied sizes, and therefore it is possible to 
determine what would be the minimum size of a 
grain in order to be in a position to 
differentiate it from other grains by its 
thermo-e, sign. 

Specimens of the following composition were 
examined: 14, 20, 42, 49, 52, 58 and 80 
at.% Mn, 

According to phase diagrams (3, 4], alloys 
with up to 50 at.% Mn have as their structural 
components, pure antimony and the compound Mn&b, 

The above mentioned components form a 
eutectic, Alloys with 58 and 62 at.% Mn 
represent a mixture of the € -solid solution 
(a solid solution of manganese in MnSb) and 
Mn Sb, 

The structural components of an alloy with 
80 at.% Mm are manganese and the 6-solid 
solution of Mn combined with Mn,Sb, 

From the above mentioned epeci sens polished 
microsections were prepared, The etching was 
done with an aqueous solution of nitric 
acid (2: 1). 

In all the alloys with up to 50 at.% Mn 
which contained pure antimony, the latter had 
for its thermo-e,mf, sign one relating to 
hole conductivity. The technical combination 
of MnSb has electronic conductivity. 

An examination of alloys with 51 to 
80 at.% Mn showed that the €-solid solution 
has electronic conductivity, whereas the 
$-solid solution invariably has hole conduc- 
tivity. Pure manganese was found to possess 
electronic conductivity. 

An examination of grains of different sizes 
showed that those with a diameter of the order 
of 6-10 yz can be differentiated from each 
other by their thermo-e.m,f. signs. Moreover, 
should the dimensions of a grain be below 
12-14 , a magnification x 487 would be 
advisable, 


CONCLUSIONS 


1. A method of using a microhardness gauge 
for the determination of the thermo-e.n, f, 
sign of individual microcrystals is proposed, 
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2. The minimum size of the grain for which 
the thermo-e,m, f. sign can be determined is 
6-10p. 

3. The feasibility of determining the 
thermo-e.m. f. sign in small zones permits the 
utilization of the above method for the 
investigation of the homogeneity of specimens, 1, B.1. Boltaks and V.P. Zhuze, Zh. tekh. fiz. 18, 

4. The possibility that the above mentioned 1459 (1948). 
method of examination of microsections might 2. M.M. Khrushchev and £.8. Berkovich, Appliances 
find its application in metallography and the PMT-2 and PMT-3 for testing microhardness. 
study of ferrous and non-ferrous metals, as Izd. Akad. Nauk SSSR, (1950). 
well as alloys, is not ruled out. 3. T. Murakami and A. Hatta, Sci. Rep. Tohoku 

Univ. 22, 88 (1953). 
Trans lated by H. G Condover 4. R.S. Williams, Z. Anorg. Chem. 55, 2 (1907). 
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ON TEMPERATURE DEPENDENCE OF ELECTRIC RESISTANCE OF 
A MAGNETITE CRYSTAL COOLED IN A 
MAGNETIC FIELD BELOW ITS 
LOW-TEMPERATURE TRANSFORMAT |! ON* 
T.D. ZOTOV 
Institut Fiz. Metal Aked. Nauk U.8.8.R. 
(Received 31 October 1958) 


The dependence on the temperature of electric resistance of a natural 
magnetite crystal cooled to a temperature below its low-temperature transforma- 
tion in longitudinal (along the direction of the crystallographic axis (100) ), 
transverse (along the direction of the crystallographic axis (010), and zero 


magnetic fields, was investigated. 


There is observed a fairly high degree of anisotropy of electric resistahce 
below the temperature of transformation. The maximum value of the ratio p,/p,, 7 


at a temperature of approximately 93°K. 


Magnetite (Fe 0,) with a crystal structure 
of the spine] type, when cooled below the 


temperature of 111°K abruptly changes its 
electrical [i], magnetic (2, 3], and other 


physical properties [4, 5]. Moreover, its 
crystallographic symmetry changes from the 
cubic to ortho- rhombic, 

Changes of physical properties are normally 
connected with the low-temperature trans- 
formation in magnetite. Verwey [6] supposed 
that this transformation is conditioned hy 
the adjustment of bi- and trivalent ions of 
iron in octohedral sites of the magnetite 
lattice. When a magnetite crystal was cooled 
below the temperature of transformation in a 
sufficiently strong magnetic field whose 
direction was, say, along the axis (100), the 
direction (100) changed into the orthorhombic 
axis c [7]. In such a case the adjustment of 
bi- and tri-valent ions of iron in octahedral 
sites takes place in the direction along the 
whole of the crystal in such a way that these 
ions dispose themselves one after another in 
alternate planes perpendicular to the 
orthorhombic axis ¢. The result of this is 
anisotropy of electric resistance, 

The present research. work is devoted to the 
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study of the dependence on temperature of 
electric resistance of magnetite cooled in a 
magnetic field below the temperature of its 
low-temperature transformation, as well as 
the influence of the degree of magnetic field 
intensity in which a specimen has been cooled, 
on the electric resistance, 

Our measurement of electrical resistance 
was carried out on a natural crystal of 
magnetite obtained from the Kosoi Brod 
deposits of the Urals. 

Chemical analysis showed that the magnetite 
crystal contained 71 per cent iron, Accor- 
ding to the spectrographic analysis results, 


titanium, the percentage of which ranges from 
0.1 to 0.2, constitutes its principal impurity. 


In addition to this, traces of Al, Cu, Cr, 

Mg, Mn, Ni, Pb, Si, V and 2 were also 
detected. An examination of diffuse scattering 
of X-rays from the plane (100), carried out 

at room temperature and the temperature of 
liquid nitrogen, pointed to the absence of 

any kind of static distortions of the crystal 
lattice of the magnetite specimen. 

No.1 and No,2 specimens in the form of 
smal] elongated circular rods, with their 
axes coinciding with the crystallographic 
direction (100), were cut out of the magnetite 
mono crystal. The length of these two 
specimens was 7 and 6 mm, respectively, their 
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diameter being 1.33 mm, The results of the 
measurements given below relate to No.1 
specimen, The results for No.2 specimen are 
not quoted here, 

Potentiometric and current-carrying copper 
wires 0.05 mm in diameter were joined to the 
specimen hy means of electric arc-welding, A 
copper-constantan thermocouple was emp] oyed 
for measuring the temperature. Electrical 
resistance and temperature were recorded 
potentiometrically. Temperature was measured 
with an accuracy of + 0.3°K, and electric 
resistance with an accuracy of + 0.000052. 
For measuring the temperature dependence of 
electric resistance the specimen was cooled 
from room temperature to 63°K in longitudinal 
(along the axis of the specimen) and trans- 
verse (perpendicularly to the axis of the 
specimen along the crystallographic axis 
(010) ) magnetic fields; also without a 
magnetic field. The intensity of the external 
longitudinal magnetic field during cooling of 
the specimen was 1900 erg, and that of the 
transverse, 1,4600 erg. After- cooling the 
specimen in a magnetic field the specimen was 
demagnetized. Electric resistafce was 
measured during the heating of the specimen 
from 63°K to room temperature without 
magnetic field. The rate of heating of the 
specimen was from 3 to 8° hr. The temperature 
of 63.5°K was attained by pumping liquid 
nitrogen. In order to determine the effect 
of the magnetic field on electric resistance, 
the specimen was cooled down to the tempera- 
ture of liquid nitrogen in longitudinal] and 
transverse magnetic fields of different 
intensities, after which it was demagnetized, 
and the measurements were taken at the same 
temperature without a magnetic field. 

In Figs. 1 and 2 the dependence of the 
change of electric resistance on the 
intensity of the longitudinal and transverse 
fields in which the specimens were cooled is 
illustrated, It can be seen from these 
graphs that the cooling in a longitudinal 
magnetic field results in a fall in electric 
resistance, whereas cooling in a transverse 
field raises it. Fig, 3 illustrates the 
dependence of electric resistance of a 
magnetite specimen which has been cooled 
under different conditions (in longitudinal 
and transverse magnetic fields, as well as 
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Fig. 1. Relation of the relative variation of 
electric resistance to the intensity of stress of 
the external longitudinal magnetic field in which 
?, =electric resistance of the specimen cooled in 
a longitudinal field. electric resistance of 
the specimen cooled without magnetic field. 


| 


Fig. 2. Relation of the relative variation of 
electric resistance to the intensity of stress of 
the external transverse magnetic field in which 
the magnetite specimen was cooled. ¢, —electric 
resistance of the specimen cooled in a transverse 
field. 

without the latter) from 1000/T. The 
diagrams show that anisotropy of electric 
resistance is only observed below the 
temperature of transformation, The aniso- 
tropy of electric resistance was not observed 
above it within the range of the accuracy of 
the measurements, 

A jump in electric resistance occurs within 
the range of temperatures from 112.3 to 
111.0°K, In this range electric resistance 
changes by 14.5, 18 and 21,5 times for p,, po 
and p,, respectively. A slight break in the 
curves is noticed at the temperatures around 
91°K, Fig. 4 represents the relation of the 
ratio of resistance p,/p, to 1000/T. The 
maximum ratio p/p, is observed at the tempera- 
ture of 93°K, 
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Let us now consider the above mentioned 
measurement data, The degree of curvature 
seen in Figs. 1 and 2 can be accounted for 
as follows: The number of “frozen” magnetic 
domains whose magnetization vectors are 
oriented lengthwise to the field, grows with 
the rise of the intensity of the external 
magnetic field in which the specimens were 
cooled down to the temperature of liquid 
nitrogen. In other words, the number of 
domains in which orthorhombic axes ec are 
directed lengthwise to this field, grows. 
This results, on the one hand, in the growth 
of the relative change in electric resistance 
when the direction of the field is perpen- 
dicular to the axis of the specimen, and, on 
other hand, in its decrease when the 
direction of the field is parallel to the 
axis of the specimen, If the process of 
cooling is conducted under magnetic satura- 
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Fig. 3. Temperature dependence of electric 
resistance of the magnetite specimen cooled under 
different conditions. p,—electric resistance of 
the specimen cooled in a longitudinal magnetic 
field. p, ditto cooled in a transverse magnetic 
field; and p)—without a magnetic field. 
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tion of the specimen, then the saturation of 
its relative change of electrical resistance 
sets in. Anisotropy of electrical resistance 
within the range of the low-temperature 
transformation itself (see Fig. 3), con- 
ditioned by the method of cooling, shows that 
the adjustment of bi- and tri-valent ions in 
octohedral interbonds takes place within a 
very narrow range of temperatures (1. 3°K). 
This fact is supported by the iatest neutron 
diffraction researches [11]. 
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Fig. 4. Temperature dependence of the ratio +, /¢, 

The maximum of the ratio p,/p, [See Fig. 4] 
at 93°K has apparently some connexion with 
an obscure type of low-temperature trans for- 
mation within the magnetite, differing from 
the transformation which is observed in the 
range of temperatures from 112.3 to 111.0°K. 

It is also necessary to note that the 
transformation affects in different ways the 
course of the temperature of electric resis- 
tances P,/P,- This type of transformation 
is observed within approximately the same 
range of temperatures during the measure- 
ments of the temperature dependence of the 
change of electric resistance of magnetite 
in a magnetic field, It seems that the 
processes of transformation in magnetite 
below the temperature of transformation are 
complex enough to require further inves- 
tigation in order to throw light on their 
nature, 

I express my gratitude to N.V. Volkenstein 
for his invariable interest in my work and to 
BS. Borisov for carrying out X-ray examina- 
tion of the magnetite specimen. 


Translated by k.G Oondover 
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THE CHARACTERISTICS OF STEP-BY-STEP UNIFORM 
PROCESSES OF DEFORMING STEELS PLASTICALLY 
L.G@. AFENDIK 
L’ vov Polytechnic Institute 
(Received 8 May 1957) 


In our previous communication [1] we have quoted the results of our researches in con- 
nexion with the hardening of carbon steels in two-stage processes of plastic deformation 
whose uniformity was broken in the course of transition from the first stage to the 
second. A special characteristic of these processes, apart from the well expressed aniso- 
tropy of hardening, is the manifestation of anisotropy in the development of deformation. 

In this paper the question of the anisotropic character of the relationship between 
stresses and deformations in the case of step-by-step uniform processes of deforming 
Plastically, as well as the question of the effect of rest and mechanical ageing on defor- 
mation anisotropy of mechanical properties of structural steels, are considered. 


EQUATIONS COMBINING THE DEFORMATION AND STRESS COMPONENTS FOR VOL 
STEP-BY-STEP UNIFORM PROCESSES OF DEFORMING PLASTICALLY 7 
195 

In the first stages of the application of a load on the process of deformation is uniform, 
the components of deformation and stress are related by equations 


(D.) = (D.), e= E (1) 
where (D,) and (D;) represent deviators of deformation and stress; v - Poisson’s ratio; 
e — mean deformation, and @- average normal stress, 

Let us denote with e. the elastic component of the relative elongation in the direction of 
any principal axis of the deformed state, The corresponding logarithmic constituent of the 
component of deformation e, will be equal to 


e,=In(l+e) =e («=1, 2, 3). (2) 


Let us cal] the values 
Cn = Cy — Cx (x = 1, 2, 3) (3) 


plastic constituents e” of the deformation components. 

In passing over to second stages of deforming when the uniformity of the process is broken, 
only the elastic components of deformation are related to stresses by the former equations 
expressing Hooke’s law. 

In order to obtain the relationship between deformations and stresses of the second stage of 
deforming, we shall] avail ourselves of the tensor (deviator) (Dq) of anisotropy of hardening 
brought into the above mentioned paper [1]. 

We shal] assume that this tensor does not only express deviations of the actual] hardening 
from the anisotropic one, but it also characterizes en masse the deformational] anisotropy of 
mechanical properties in the case of the process of step-by-step uniform plastic deformation. 

Let us denote with 3G, the intensity of the strained state with the deviator equal to the sum 
(D,) + (D.), and with(D,,)the deviator of the residual deformation 
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Then by virtue of the foregoing, the following relationship between deviators and stresses 


can be written dow 


(D;) =2 3 [(Ds) +(Dz)] — (Pa) (5) 


2 


where G is shear modulus and e; intensity of deformation of the second stage, 

In particular, should after the elongation in direction 1 at the first stage of deforming, a 
contraction in a perpendicular direction 2 of the second stage take place, the component a, 
of the tensor of anisotropy of hardeming should be regarded as being equal to zero, since the 
uniformity of the principal shear has not been broken, In this case the sum of the deviators 


is equal to 
(D,) +(D.) = 


+451 + 
3 


where 6.2 is the actual compression stress in direction 2. 

In conformity with equations (5) and (6), the following relationship between the components 
of deformation and stress for the second stage of plastic deformation under consideration are 
obtained 


ej 
2, 


6G 
G 


23 


(2c_, + 6G 

i,—2 
ej 
(— 9_,+ + — 


Fg, + Og) 


The intensity of stress oe in the above relationship must satisfy equation (19) [1] of 
isotropic hardening, and is therefore equal to 
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where G, — 2 is the intensity of the strain under the uni-axial compression of the annealed 
metal in a quasi-isotropic state. 


ANISOTROPY OF THE DEVELOPMENT OF DEFORMATIONS IN 
TWO-STAGE PROCESSES OF DEFORMING PLASTICALLY 


Experimental examinations of the development of deformations in the case of two-stage 
processes of deformations were carried out on pre-annealed structural steels. 

The direction of the principal deformation, coinciding with the axis of the metal bar from 
which specimens were made, is denoted hy 1, the two other directions being denoted by 2 and 
3. One of the features of two-stage processes of deformation was as follows: Striking 
differences between the components ey and e, of transverse deformations of the plastic zone 
were observed after the transition from the uniaxial] elongation (due to compression) in the 
direction 1 of the first stage to the uniaxial elongation (due to compression) in the 
direction 2 of the second stage of deformation, 

Here the relation e*,/e* at the beginning of the second stage of the process of deforming 
was higher than two, but as the process was continued, it decreased and remained above unity, 
Comparisons of the components of deformation, calculated on the basis of formulae (5) and 

(6), with the components determined experimentally, offer grounds for assuming that the 
proposed relations between deformations and stresses express with sufficient accuracy the 
anisotropic character of the development of deformations in the case of step-by-step uniform 
processes with not very high residual deformations. 

Fig. 1 represents curves illustrating the relation of e,/e and ex/es of transverse deforma- 
tions to the intensity of e; of the second stage for steel] 30. Curve 1 relates to uniaxial compres- 
sion (or extension) in the direction 2 of annealed steel. In this case the ratio of the 
components of transverse deformation amounts to slightly less than unity, and on an average is . 
equal to e,/e, = 0.95. This fact has to do with a certain complex of deformation in meta] 
bars. Curves 2 and 3 represent ratios es/es and e,/e, calculated according to the above 
formulae on compression in the direction 2 after previous compression in the direction 1 up to 
the intensity of the residual deformation eS = (0.112, Curve 4, shown in black dots, illus- 


trates the relation ep/es obtained experimentally for the same case, 


NY 


8 
004 008 D2 Q6 Q20 0% Be, 


Fig. 1. Relations of e,/e and ey/es components 
of transverse deformation for the second stage of 
deformation of steel 30. 


Curves 5 and 6 represent the values of ej/esand e,/e calculated from the formulae for the 
extension in the direction 1 up to eS = 0.0047. Curve 7, marked with black dots, expresses 
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the relation e,/e for this case obtained experimentally. 
Curves 8 and 9 represent values ey on compression inthe direction 2 after a previous extension 
e" in the direction ey/ez in the direction 1 up to ef = 0.111. Curve 8 was obtained with the 


aid of formulae (8) and 9), and curve 9 on the basis of experimental results. 


THE EFFECT OF REST AND MECHANICAL AGEING 


It it generally known that carbon steels have a greater or lesser tendency towards 
mechanical ageing. In order to explain the effect of rest and ageing on deformational 
anisotropy in the case of step-by-step uniform plastic deformation, various periods of rest in 
an unloaded state between the first and second stages were chosen, 

Time intervals of even 30 min between the deforming stages resulted in a rise of the yield 
point as compared with the annealed state of the metal, 

An increase in the interval between the first and second stages resulted in a drop in the 
values of the components of the tensor of hardening anisotropy and a lowering of the effect of 
deformational anisotropy. 

The table below gives results relating to steels 10 and 30, characteristic of the variation 
of the componamts a,, and a om of the tensor of anisotropy of hardening in relation 
to the increase of time interval from 30 min to 24 hr between the first and second stages of 
the process of deforming. The first deformation stage consisted in the extension in the 
direction 1 up to e¢ = 0.047. The second stage consisted in extension or compression along 
the same axis. The yield points on extension and compression during the second stage are 
denoted with o es and go, ,; -— 1, respectively. The compression yield points of the 
above mentioned steels in their annealed state were found to be equal to 22.8 and 


27.8 kg/mm?, respectively. 


TABLE 1 


Components a,, (kg/mm?) at different values 
Time intervals of intensity of deformation of 2nd stage 


between ist and value e; 


2nd stages of defn 
0.010 0.020 0.030 


30 min 


24 hr 


30 min 


24 hr 


CONCLUSIONS 


1. Quasi-isotropy of mechanical properties of steels plastically deformed is observable 
only in the case of uniform processes of deformation. Breaks in the uniform change of the 
principal macroslips result in various manifestations of deformational anisotropy. 

2. The characteristics of anisotropy of deformation in the case of step-by-step uniform 
processes of plastic deformation, in which processes the directions of the principal axes of 
deformation remain unaltered, whilst the uniformity of the main slips is broken during the 
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transition from one stage of deforming to the next, can be characterized by tensor (deviator) 
(Dq) of anisotropy of hardening with components 4, (x, /=1, 2, 3; K#/). 

The components of this tensor are determined by the deviations of the observed stress 
intensities from the intensities which would take place in the case of isotropic hardening, 

3. One of the important features of step-by-step uniform processes of the plastic deforma- 
tion of steels consisted in the decrease in the resistance to such deformation due to the 
change of direction if only of one major macroslip, and in a certain increase of this 
resistance, should there happen to be any fresh major slips previously non-existant. 

4. The components of the tensorof hardening anisotropy in the case of the two-stage 
processes of plastic deformation examined can be represented hy means of the expressions: 


ayy = (sign fect (ef , 
5. The anisotropic character of the relations between the components of deformation and 
stress can be expressed by 
3 ej 
(D,) = [(D,) + (D,)] — 2G (D,), 


! 
= (D,), 


D 
( e”) gs ( 9 ry 9G {(D,) + (D,)}. 


6. The processes of rest and ageing reduce the value of the components of the tensor of 
hardening anisotropy and lower the effect of deformational anisotropy. Moreover, deforma- 
tional anisotropy of mechanical properties approximates a definite stationary condition. 


Translated by H.G. Condover 
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CERTAIN PECULIARITIES OF RECRYSTALLIZATION OF 


TRANSFORMER STEEL 


IN RAPID HEATING 


1. THE RELATION OF GRAIN SIZE AND TEMPERATURE 
OF RECRYSTALLIZATION TO THE RATE OF HEATING 
P.D. IZBRANOV, V.A. PAVLOV and H.M. RODIGIN 
Institut fiz. metal Sverdlovskii gos. pedagog. inst. 
(Received 6 August 1958) 


The transition of metal from the state of 
instability, resulting from cold-hardening 
due to rolling, to that of stability is 
brought about when annealing is carried out 
through a number of intermediate states such 
as recovery, polygonization [1], the first 
stage of recrystallization, and collective 
recry stallization. 

Earlier researches and experimental 
results showed that the process of recrystal- 
lization runs sufficiently slowly, and for 
this reason it was thought that rapid 
heating could not be used for annealing 
deformed metal, however, it has now been 
established as a result of recent experimen- 
tal work [2-6] that in the case of electric 
heating the process of recrystallization 
takes place at an immense rate provided the 
supply of adequate energy to the metal is 
ensured. Thus, for instance, it was found 
[4-6] that recrystallization of cold-deformed 
metal under rapid heating by electric current 
is completed in some fractions of a second 
under suitable temperatures, 

The possible reasons for such a high speed 
of recrystallization in the case of elec- 
tric heating are as follows: 

1. The absence, or insufficiency, of 
recovery in rapid heating. A material 
possessing free energy in a high degree, 
suddenly finds itself in a range of high 
temperatures, causing the process of 
recrystallization to develop in a more 
violent manner. 

2. The effect of the distribution of 
impurities. In the case of a slow rate of 
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heating impurities can accumulate at the 
boundaries of nuclei (or @mrich these 
boundaries), thus hampering their growth. 

3 The irregularity of heating microsections 
having differnt electric conductivity. 

It should be noted that up to the present 
time there is no single view as to the 
peculiar character of the run of thermal 
treatment processes in the case of electric 
heating. Some research workers attribute to 
electric heating special] properttes which 
differ in principle from the usual methods 
(2, 7, 8], others, by contrast, find 
practically no differences between them, 
Obviously this is due to the fact that 
different authors had in mind and used 
various rates of heating, 

Proceeding from the premise of the work of 
Malyshev and Pavlov [3], Sadovskii, Rodigin 
and Borodina [9], Sadovskii and Ivanovskaia 
[10], as well as Rodigin [11], it can be 
taken as an established fact that under rates 
of heating of the order of 1000°/sec the 


“Geveling effect”, which consists in uneven 
heating of microsection owing to the 


difference of their electric conductivity, is 
weakened by the levelling up of temperature 
at the expense of heat conductivity. 

Rodigin’ s-[12] researches are devoted 
exclusively to detailed analysis of the 
effect of heterogeneity of steel] as regards 
electric resistance phase transformations 
during thermo-electric treatment. 

The aim of our research work is to make a 
study of certain special features of 
recrystallization of transfomner steel] in the 
case of rapid heating. 


Peculiarities of recrystallization of transformer steel 


THE MATERIAL AND METHOD OF MEASURING 


We conducted our investigation in connexion 
with transformer steel] obtained from the 
Verkh-Isetskii works, All the specimens were 
prepared from the same melt of the following 
composition: 0.08% carbon, 3.54% silicon, 
0.15% manganese, 0.018% sulphur, and 0. 10% 
chrome. The thickness of the original strips 
was 1 and 0.5 mm, Strips 1 mm thick were 
cold-rolled down to their final thickness of 
0.25 mm (the degree of reduction being 

do 

For high-rate heating, a method of electric 
heating by the direct passage of the current 
through the specimen under examination was 
used, ‘he specimms were in the form of 
tablets measuring 0. 25 x15 x 100 mn, 

Keating was done with the aid of a special 
device of Rodigin’s design [13, 14], consis- 
ting in its main part of a powerful step-down 
transformer. The specimen to be heated was 
connected to the secondary single-coil 
winding. The temperature was measured with 
the aid of a Nickel-Nickel chromium thermo- 
couple 0.1 mm thick, welded on to the 
specimen and incorporated in the same 
circuit with a ballistic galvanometer for a 
strictly fixed period. ‘The heating was done 
both with and without soaking. 

The stability of the temperature, after the 
rapid heating, was brought about by the 


incorporation into the primary transformer 
circuit of auxiliary resistance whose value 
was calculated to make the amount of heat 
given off by the specimen equal to that 
radiated hy the specimen at a given tempera- 
ture of soaking. 

An ordinary furnace was used for low-rate 
heating. To do this, a set of specimens was 
placed in a quartz tube from which the air 
was pumped to avoid oxidation of the contents 
during the heating process. The tube was 
then placed in the furnace, and both specimen 
and furnace were heated at a required rate. 

In order to expose the microstructure of 
the annealed specimens, the latter were 
electrolytically polisned and etched in a 
solution of 10% chromic anyhydride in 
orthophosphoric acid [15]. 


THE MEASUREMENT RESULTS 


(1) The relation of the grain size to the 
rate of heating. 

A number of specimens were annealed, 
without soaking, at different rates of 
heating. Out of these were picked specimens 
whose temperature of heating was approximatel; 
equal (840-880°). The rate of electric 
heating was varied from 200 to 4300°/sec, To 
obtain lower rates of heating, an ordinary 
furnace, in which the temperature of the 
specimens was raised to 855° at an average 
rate of 0.2, 2.2 and 7.2°/sec, was used, An 


Mean size of grain 


| 


/ 


2 


Logarithm of heat rate 


Fig. 1. Relation of grain size to heat rate logarithm 
(recrystallization at 850° without soaking). 
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area comprising 200-300 grains was picked out 
in ten different places of the microsection 
of each specimen, and measured, Then the 
average size of a grain of the plane of the 
microsection was calculated, From the 
results of these measurements histograms. of 
the distribution of grains according to size 
were constructed. For each rate of annealing, 
after which the average number of grains 
contained in 1 mm? of the mass of the 
specimen was calculated by Saltykov’s method 
[16], and, finally, the actua] mean diameter 
of grain to the rate of heating (Fig.1) was 
then plotted from the results of the 
measurements, ach point on the graph 
represents the average measurement of 3-5 
specimens, Vertical distances give the mean 
value of deviation from the average dimension 
of the grain in each individual specimen, 


Fig. 2. Microphotograph of the structure of speci- 
men annealed at mean rate 0.2°/sec X 315. 


This deviation is approximately equal to 
+ 30 per cent., independently of the rate 6f 
heating. The degree of dispersion of the 
values of the average size of grain from 
specimen to specimen becomes substantially 
lower, 

Figs. 2 and 3 illustrate the micrographs 
of the specimens heated up to 850° in a 
furnace at an avcrage rate of 0.2°/sec and 


4250°/sec, respectively. 
(2) The relation of the temperature of 


recrystallization to the degree of deformation, 


It is generally known that the temperature 
of recrystallization has no fixed value for 
one and the same metal, It is dependent both 
on the degree of deformation and the duration 
of the process of annealing, For this reason 


Fig. 3. Microphotograph of the structure of the 
specimen annealed at mean rate 4250°/sec X 315 


there is a reference in the literature to a 
concept of threshold recrystallization 
definable as the temperature (or degree of 
deformation) below which the overall] volume 
of newly formed grains in the course of 
annealing does not exceed a certain proportion 
of the entire volume of a specimen [17]. 

In our experiments the temperature of 
recrystallization was determined hy the 
condition that at a given degree of deforma- 
tion and with a definite period of annealing, 
approximately one half of the volume of a 
specimen would be recrystallized. 

In order to carry out our experiments, 
specimens with different degrees of relative 
deformation, viz. 10, 25, 50, 75, 100 and 150 
per cent of the change in length were 
prepared, Then deformation was accomplished 
by means of cold-rolling, For each degree of 
deformation several specimens were annealed 
up to different temperatures, using electric 
current, Then from the plotted relationship 
between the recrystallized volume of a 
specimen (in percentages) and the temperature 
of heating, the temperature was determined at 
which the volume of the recrystallized 
portion of the specimen would be equal to 
about 50 per cent, 

The recrystallized part of the microsection 
was measured hy a linear method of the 
examination of the structure under a micro- 
scope [18]. In each individual case a number 
of divisions on the calibrated scale of the 
eyepiece of the microscope, fitting within 
the boundary limits of the recrystallized 
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S 


T° of recryst. 


the degree of deformation, 


part of the microsection, were estimated, 
Fifty such measurements were taken in 
different parts of the microsection. Then 
from the results obtained the average volume 
of the recrystallized part of the specimen 
was calculated in percentages. The areas of 
of the microsection were approximately equal, 
and were about 1 cm? each, 


l, 9 
Deformation 
Fig. 4. Relation of temperature of recrystallization to 


1. At rapid rate of electr. heat. 2. At slow rate of 
heat. 3. At rapid rate of electr. heat with soaking of 10 min. 


125 150 


75 


Fig. 4 (Curve 1) characterizes the relation 
of the temperature of recrystallization to 
the degree of deformation under rapid electric 
heating. The specimens were heated at the 
rate of 850-950°/sec. Curve 2 in the same 
figure shows, for the sake of comparison, the 
relation of the temperature of recrystalliza- 
tion to the degree of deformation in the 
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Difference of temperatures of 
recryst. between rapid and slow heat. 
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Fig. 5. Relation of difference of temperatures of recrystal- 
lization at rapid and slow heating to the degree of deformation. 
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case of slow heating of specimens in a 
furnace at a mean rate of 0.2°/sec. Fig. 5 
represents the relation of the difference of 
temperatures of recrystallization under both 
rapid and slow heating to the degree of 
deformation, In addition to this, the effect 
of brief soaking at the end of the rapid 
heating on the temperature of recrystalliza- 
tion is determined, The temperature of 
recrystallization in the case of annealing 
with soaking was determined for three 
separate deformations : 25, 75, and 150 per 
cent of elongation. The duration of soaking 
at the end of rapid heating was ten seconds, 
Curve 3, Fig, 4., relates to the results of 
our experiments, The temperature of 
recrystallization of rapid annealing with 
soaking was found to be even lower than the 
temperature of recrystallization in the case 
of slow heating, 


CONSIDERATION OF THE RESULTS 


In the case of rapid electric heating of 
specimens of transformer steel up to 850°, 
recrystallization is completed in under 
0.2 sec, 

Let us examine in detail the possible 
causes which accelerate the process of the 
above mentioned recrystallization, 

1, One of the causes of acceleration of 
the process .of recrystallization may be the 
fact that as a result of the high mtes of 
heating the recovery before recrystallization 
takes place is shorter than in the case of 
slow heating, For this reason a material 
with stepped-up free energy suddenly finds 
itself within the range of very high 
temperatures, and therefore recrystallization 
develops more vigorously. 

In the case of slow heating, however, in 
the interval between the commencement of 
heating and the time the material reaches the 
temperature of recrystallization processes of 
recovery take place, as a result of which 
part of the less stable distortion of the 
crystal lattice is eliminated. 

2. In the case of slow heating the 
impurities can accumulate on the boundaries 
of nuclei (or they enrich these boundaries) 
and hamper their growth, The possibility 
that in the case of rapid heating the 


impurities have no time to diffuse through 
towards the boundaries of nuclei, and thus do 
not retard the growth of new grains, which 
fact enhances the rise in the rate of recrys- 
tallization, is not ruled out. 

3. Irregular heating of separate micro- 
sections of the metal resul ting from their 
unequal specific electric conductivity, as 
well as the distortion of the crystal lattice 
caused by it, can produce an effect on the 
acceleration of the process of recrystal- 
lization, However, experience shows that 
under given rates of heating these effects 
are apparently of no material consequence, 

The fall in the difference of temperatures 
of recrystallization in the case of both 
rapid and slow heating with the increase of 
the degree of deformation (Fig. 5), can be 
explained apparently by the fact that at the 
rates of heating chosen in our work, the 
greatest effect on the lowering of the 
temperature of recrystallization is the 
extent of deformation, that is the state of 
the material. 

The quickening of the process of recrystal- 
lization in rapid heating is particularly 
noticeable in cases of a high degree of 


deforma tion, 
On the basis of the foregoing and other 


sources of the literature it can be assumed 
that under chosen rates of heating (up to 
5000°/sec) non-homogeneous heating of 
separate microzones possibly does occur, but 
is not a deciding factor, Its influence, in 
all probability, can produce a marked effect 
in the case of higher rates of heating, which 
fact requires further detailed study, 

Therefore, the main effect on speeding up 
the process of recrystallization under given 
rates of heating is to produce the state of 
the material in question. However, it is 
impossible to divorce the effect of insta- 
bility of crystal lattice distortions from 
the effect of the nature of distribution of 
impurities on the strength of the above 
data. 


CONCLUSIONS 


1, The grain size of transformer steel 
decreases with an increase of the rate of 
heating, This decrease is expressed 
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comparatively feebly, e.g., by raising the 
rate of heating 10° times the size of the 
grain is only reduced hy two times. 

2. In the case of rapid electric heating 
without soaking, the temperature recrystal- 
lization is higher than in the case of slow 
heating. The difference of these tempera- 
tures narrows down with the rise of the 
degree of deformation, 

3. In the case of rapid heating with 
soaking, a sharp fall in the temperature of 
recrystallization takes place. ‘his 


temperature becomes even lower than in slow 
heating, 

4. In the case of the rates of heating of 
up to about 5000°/sec the decisive factor is 
the state of the material in question, i.e, 
a small amount of recovery prior to recrys- 
tallizavion, and the effect of the distribu- 
tion of impurities, 


Zranslated by i.G. Condover 
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INVESTIGATION OF STEEL FAILURE BY STUDYING THE 
STRUCTURE OF ITS FRACTURE* 
E.M. SHEVANDIN, V.M. DUDSHEVA and R.E. RESHETNIKOVA 
(Received 9 December 1957) 


An investigation was made of the nature of fracture of coarse-grained steel, 
maintained at reduced temperatures, by measuring the dimensions of the fracture 
facets. The conclusion reached in the light of the results obtained, is that, 
both in the brittle and ductile fractures a predominant role is played by the 


normal stresses. 


As it is known, the cold-brittleness of 
metals manifests itself not only in a con- 
siderable lowering of the energy absorbed 
prior to failure, but also in a change in 
the nature of the failure, the surface of 
fracture acquiring in this case a shiny, 
crystalline appearance instead of the usual 
matt, fibre-like structure, The micrographic 
data accumulated so far in connexion with the 
studies of fractured surfaces concern mainly 
the elucidation of the factors involved in 
the ductile or brittle fractures in connexion 
with the structure of steel. It is only in 
the work of Ia.B. Fridman and T.A, Gordeeva 
[1] that, for the first time, a micrographic 
analysis was made of the structure and 
topography of fracture, which was studied 
for the purpose of a mechanical analysis of 
the phenomenon of metal failure. The results 
obtained in these investigations were 
regarded by the above workers as agreeing 
with Fridman’s [2] postulate that the ductile 
fracture is produced by the action of 
tangential stresses, while the brittle one 
results from the action of the normal ones, 
It is perhaps more reasonable at this stage 
to subscribe to Davidenkov’s view [3], i.e. 
that the problem is a complex one and that 
additional experimental data are required for 
its final solution, 

The purpose of the present work was to 
obtain certain data concerning the structural 
changes in fractures and, particularly, to 
determine the facet dimensions during the 
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steel transition from the ductile to the 
brittle state, It was also assumed in this 
connexion that the experimental] data thus 
obtained will be found useful in deciding 
whether the normal or the tangential stresses 
should be regarded as the determining ones in 
the phenomenon of ductile fracture. In as 
far as the brittle fracture is concerned, 
there is a good agreement among all workers 
that the predominant role here is played by 
the normal stresses, 


MATERIALS AND METHODS OF INVESTIGATION 


The investigation was made on low-carbon 
sheet steel (0.18% C), heated at the tempera- 
ture of 1100°C for 2 hr. Gagarin test 
specimens were then cut from the steel samples 
thus prepared, and these were then subjected 
to static tensile loading at temperatures 
from + 20 to - 196°C, As it was shown in [4], 


there is observed under these conditions a 
gradual change from the fibre-like to the 
crystalline type of fracture, 

At each test temperature, the measurement 
was made, by means of a microscope with 
magnification of X10, of the diagonals of at 
least 50 facets of the fracture of corres- 
ponding test specimens and a calculation made 
of their mean dimensions and of the minimum 
and maximum values. The structure of some of 
the larger facets was then examined micro- 
graphically using the microscope of the PMT-3 
test apparatus, 

The first signs of the appearance of 
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sections with crystalline structure in the 
fractures examined were found near the 
fracture external edges, as it was previously 
reported and interpreted in [4]. Therefore, 
our observations and measurements of facets 
at all test temperatures were carried out in 
the section corresponding to the edge of 
crystalline fracture that is first detectable 
with the naked eye. 


RESULTS AND THEIR EVALUATION 


First of all, it was found that at a low 
magnification, the fibre-like fracture 
assumes a crystalline and shining appearance. 
In fact, however, this structure of the 
fibre-like fracture surface differs essen- 
tially from the normal, crystalline one, It 
has a porous, spongy, stepped structure 
whereas the crystalline fracture has a more 
regular and flat structure. In the sections 
of fibre-like fracture, which are orientated 
perpendicularly with respect to the optical 
axis of the microscope, numerous smal] 
crystalline facets are found, which can be 
regarded as a reason for the term selected 
ty Braun [5] for describing the fibre-like 
fracture as a “pseudo-crystalline fracture”, 

It is significant in this connexion that 


the first facets detectable by the naked eye 
appear in the externa] rim of a fractured 


specimen and that their nature is diffuse 
and without relief, both of which indicate 
their dispersion, 

Generally, under the conditions of static 
failure of cylindrical test specimens, the 
external structure of both the fibre-like and 
crystalline fractures lack the discrete 
nature and sharpness, especially in the 
initial stage of fracture development, which 
are usually observed with those obtained 
under impact test conditions with notched 
specimens. 

This peculiarity of the static tensile 
loading is clearly conditioned by the 
possibility of the occurrence of extensive 
plastic deformation prior to failure in the 
specimen sections where the first sigs 
appearof facet formation whichare detectable 
by the naked eye. In its tum, the above 
possibility is explained as being due to a 


gradual] transition (at diminishing 
temperatures) of the curve of real stresses 
from the ductile region to that of the 
semi-brittle region of the strength curve [4] 
which is not observed in the case of impact 
tests of notched test specimens, 

By taking into consideration the facet 
dimensions as determined experimentally at 
various temperatures, we were able to plot 
their temperature dependence curves for the 
mean, minimum and maximum values, (Fig. 1). 

The character of these three curves is 
complex and they appear to form branches, 

In the region of the lowest temperatures 
(from -196 to -100°C) the facet dimension ds 
varies insignificantly with changes in 
temperature; in the temperature interval 
from -80 to -20°C, the facet dimensions vary 
more clearly with temperature changes and 
finally, at temperatures higher than -20°C, 
the variation of d, with temperature again 
becomes insignificant, It is interesting to 
note that if the curves are extrapolated, 
they intersect the abscissa axis at a very 
high temperature: above + 200°C, This 
temperature value, at which, obviously, a 
predominant role of the diffusional thermal 
plasticity commences, can be defined as that 
temperature at which the completely fibre- 
like fractures begin to appear to the 
exclusion of crystalline facets, M 
important deduction can now be made from the 
above considerations, i.e, that if the 
appearance of the fully fibre-like fractures 
is at all possible, then this can happen at 
a very high temperature only and not at 
-40°C, when, according to visual observations, 
the formation of crystalline regions in the 
surface of the specimen fracture is brought 
to an end, 


Generally speaking, the curves in Fig, 1 
could be regarded as individual branches of 
a single curve corresponding to the brittle, 
semi-brittle mixed and ductile fractures; 
strictly speaking, this agrees with the 
concept of the dual nature of fracture: the 
brittle one which results from the action of 
normal stresses and the ductile fracture, 
which is produced hy tangential stresses. 

If the assumption with regard to the single 
nature of a fracture occurring in both cases 
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Fig. 1. Dependence of the mean, minimum and 
maximum facet dimension on the test temperature. 
1 - for the smallest facet; 2? - for the mean 
size facets, 3 - for the largest facets. 


under the action of normal stresses were 
true, then the relation d;, = f(t®) should 
have the form of an inclined straight line 
without any points of inflexion, But, this 
type of analysis is too rigid. This is 
because, first of all, it is necessary to 
assume that each branch of any of the curves 
passes very smoothly into the next one, 

This contradicts completely the discrete 
character of transition from the fibre-like 
to crystalline structures of the fracture, 
as could be expected according to the dual 
nature theory of fractures, Secondly, one 
should bear in mind that at elevated 
temperatures, the facets have a twisted 
surface, which is clearly caused hy an 
additional plastic deformation which sets in 
after the development of local fractures; 
this aspect is pointed out by Shchapov [6]. 
Therefore, if it were possible to introduce 
an accurate angular cerrection into the facet 
dimensions, then perhaps the plot of the 
function: d, = f(t°C) would be converted to 
straight lines, or, in any case, perhaps the 
curves would more likely resemble a straight 
line, And finally, we come to an important 
aspect, i.e, that the crystalline regions 
that are detectable with the naked eye appear 
first at the temperature of -60°C, while the 
curves depart from a straight line, corres- 
ponding to the fibre-like fracture, at the 
temperature of -40°C and pass into the 
branch of semi-brittle fracture, Thus, the 
growth of facets in the surface of fracture 


begins at the moment when visual observation 
still points to the presence of a fully 
fibre-like structure in the fracture surface 
and the coincidence of the ductile and semi- 
brittle branches of fractures occurs not at 
the point of inflexion (-20°C) but at the 
inclined portion of the straight line of the 
curve (close to -50°C). 

In the tests carried out at the tempera- 
ture of -50°C, a fully fibrous fracture was 


found in one test specimen and a fracture 
with a noticeable crystalline rim of a very 


disperse structure in another one, However, 
the measurement of facet dimensions gave 
almost indentical values in both cases, 
especially for the mean value d sr) (in the 
presence of a crystalline rim, the value of 
d¢ (sr) was only slightly higher). This fact 
can also be taken as an indication of the 
absence of any essential difference in the 
nature of the two types of fracture here 
considered; the crystalline nature of the 
rim is not associated with larger dimensions 
but with a relatively larger number of 
larger facets, in comparison with those 
present in the fibrous fracture produced at 
a given test temperature, 

All such evidence lends support to the 
concept put forward by Davidenkov [7] and by 
one of the authors of (8) which follows 
directly from the investigations carried out 
by Pavlov and Iakutovich [9,10], i.e. that 
the normal stresses play a determining role 
in both the ductile and brittle fractures, 

In our opinion, the experimental data 
obtained so far also support the above idea, 

Both the ductile and brittle fractures are 
preceded by local plastic deformation, as 
was pointed out a long time ago by Stepanov 
[11] and recently re-stated by Orovan [12]. 
This deformation plays a significant role in 
both cases, as can be seen from the effect 
of tangential stresses on the strength 
properties, The beginning of failure in 
both the ductile and brittle fractures is 
associated with the formation of isolated 
fracture cracks [13] (situated inside the 
individual grains), The structure of the 
free surface in the crack-facets is prac- 
tically identical in both types of fracture, 
especially at similar test temperatures, 

Differences between the fibrous and 
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crystalline structures of the fractured 
surfaces arise only during the development 
and merging of the primary cracks. In the 


case Of crystalline fracture, the failure in 
neighbouring grains occurs also along the 


merging-breaking planes, while practically 
no additional plastic deformation is present 
in the process of failure, At the same time 
in the case of fibrous type fracture, the 
joining of the primary cracks takes place 
along the winding trajectories of the 
previous displacement deformation, while an 
additional plastic deformation occurs during 
the process of fracture propagation both in 
the intermediate regions between the fracture 
cracks and in the parting-facets planes, 
which leads to the twisting of the latter 
ones, 


Fig. 2. Photograph of a fracture facet ina 
specimen broken at the temperature of -196°C. 


Thus, the difference between the ductile 
and brittle fractures lies only in a 
considerably higher volume that is subject to 
plastic deformation during the ductile 
fracture. This is apart from the fact that 
after the formation of local fractures in the 
metal, in this case, there can also set ina 
considerable plastic deformation, especially 
in the zones between the fracture sections, 
however, the failure-parting of metal during 
any type of fracture should take place under 
the action of normal stresses at the moment 
when the local deformation of the crystal 
lattice reaches its maximum value, 

It is exactly with this aspect that the 
appearance of a large number of crystalline 
facets is associated during the process of 
fibrous fracture, these facets being visible 


under low magnifications, as is also the 
smooth joining of the crystalline and 
fibrous fracture branches on the inclined 
section of the curve corresponding to semi- 
brittle fractures (see Fig. 1). 

The following experimental facts deserve 
special attention, In spite of the appear- 
ance at the temperature of -60°C, of the 
first facets, detectable with the naked eye, 
individual facets of very large dimensions 


Fig. 3. 
broken at the temperature of -100°C. 


Fig. 4. Photograph of fracture facet in a 
specimen broken at the temperature of -60°C. 


Photograph of a fracture facet of specimen 
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were detected in the fracture surface of 
test specimens examined at the temperatures 
of -20° or even +20°C, This fact can be 
regarded as a justification of the basic 


assumptions of the present work, Furthermore, 


it was established that the dimensions of the 
smallest facets obtained in the fibrous 
fracture are of the order of several microns 
only, i,e, they are of the same order as the 
dimensions of mosaic blocks which can be 
regarded as representing the smallest cell 
that is obtainable, in a microscopic sense, 
by the comminution of structural elements of 
steel, or of metals generally. Facets with 
similar very smal] dimensions, and very 
numerous in number, can be detected in steel 
products (or, for that matter, in other 
metals, e.g. copper) which are subjected to 
a treatment leading to a typical shear, 

In Figs, 2-6 are shown the types of facets - 
local fractures, as found in photographs of 
fractures of specimens subjected to tests at 
various temperatures. These photographs 
can, in general, be looked upon as providing 
a confirmation of the essential concepts put 
forward above, At low temperatures (Figs. 2, 
3), the facet surface is smooth with charac- 
teristic wave-like lines, At high tempera- 
tures, the nature of the facets remains 
essentially the same, but they acquire an 


Fig. 5. Photograph of fracture facet in a 
specimen broken at the temperature of -40°C, 


irregular, twisted character; in the areas 
around the fatets, there is seen the presence 
of opened up, porous layers with ductile, 
fibrous structures. These peculiarities of 
facets produced during fibrous fracture and 


Fig. 6. Photograph of a fracture facet ina 
specimen broken at the temperature of 
-20°C. 


their smal] dimensions are the main reasons 
for the difficulty of following their struc- 
ture with the same accuracy and in the same 
detailed way as is possible in the case of 
crystalline fracture. 

The crystalline fractures, which are 
almost fully brittle in nature and which 
were produced in our tests at temperatures 
from -196 to -126°C, have a much flatter 
surface relief than the fibrous fractures, 

The crystalline fractures, which are not 
fully brittle, and which were developed at 
temperatures from -100 to -40°C, occupy an 
intermediate position with regard to the 
degree of their surface smoothness, which 
increases with increasing brittl mess, 

i.e. with decreasing temperature and dimini- 
shing plastic deformation prior to failure. 
One should emphasize in this respect that an 
increase in the plastic deformation 
preceding the specimen failure is associated 
with an increase in the plastic deformation 
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at the time of specimen failure. 

In the light of the characteristics 
outlined above, the “breaking away” camcepts 
as put forward in [1] become of considerable 
importance. however, in our opinion, it 
really defines not the degree of a parting 
tendency, if this description could be used 
to indicate the cause of failure, (ductile 
failure has its origin in specimen parting) 
but rather the degree of simul taneous 
occurrence of failure and of the closely 
related plastic deformation, which precedes 
the failure, and develops in the process of 
crack propagation in the fracture. 

After completing the present series of 
tests, an interesting series of investiga- 
tions [11] came to our notice, in which 
during an analysis of photographs, obtained 
at the magnifications of X 4000 and X 16000, 
for the cases of ductile fracture, the 
appearance was observed of a “ductile 
pattern”, i.e. facets of brittle fracture 
produced as a result of extensive creep. In 
the same investigations, the occurrence was 
also noted of a twisting of the facets of the 
brittle fracture resulting from a preceding 
creep. Such observations agree well with our 
ideas, 


CONCLUSIONS 


Curves were obtained experimentally for the 
dependence on temperature of the mean, 
minimum and maximum facet dimensions in 
coarse-grained low-carbon steel. 

Tne smooth shape of the above curves, the 
presence of crystalline facets in the fibrous 
fracture, which could be se@m at low magni- 
fications, as well as the fact that these 
facets become more pronounced in the period 
prior to the appearance of the crystalline 
type of fracture, can be regarded as lending 
support to the hypothesis that the normal 
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stresses play a decisive role in both the 


ductile and brittle types of metal failure. 

A considerably smoother surface relief in 
the brittle fracture, comparison with that 
observed in the ductile fracture, is closely 
related with the higher degree of its 
simultaneous propagation with creep which 
being of a considerably lower magnitude, 
precedes the failure and occurs in the 
process of relief formation. 


4. 
5. 


Translated by H. Cygielski 
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MECHANISM OF HIGH TEMPERATURE DEFORMATION 
NICKEL-ALUMINIUM AND NICKEL-COPPER IN 
SOLID SOLUTIONS* 

B.I. SIUTKINA and E.S. YAKOVLEVA 
Metal Physics Institute of the U.S.S.R. Academy of Sciences 
(Received 5 April 1958) 


It is shown that the alloying of nickel with aluminium and copper inhibits 
considerably the grain boundary shift and hinders even the movement of the 


grains themselves during a high temperature deformation. 


This action of the 


alloying elements is associated with a reduction in the diffusion velocity of 
the processes occurring in the boundaries of grains which, under normal 
conditions, depend on the phenomenon of internal adsorption. 


One of the basic methods of imparting to 
metals the desired mechanical properties is 
the process of metal alloying. However, the 
same type of alloying can lead to opposite 
effects in as far as the modification in the 
metal properties is concemed, if the defor- 
mation of the metal is carried out under 
different conditions. This difference in the 
effect of alloying on the metal properties is 
associated with the fact that the behaviour of 
a metal under load is determined not only by 
the bond forces but also by the homogeneity 
of its structure [1]. The character of 
structure heterogeneity and its effect on the 
deformation process varies much more exten- 
sively with the deformation conditions than 
do the bond forces [2] and it is here that 
lies the hidden reason for the differential 
action of alloying, Parallel with variation 
in the metal properties, there is also a 
change in the deformation mechanism of metal 
grains, There is a change in the amount of 
contribution of the deformation, proceeding 
by the method characteristic of a crystalline 
body (slip. mechanism of deformation) and that 
proceeding by the diffusion mechanism, Thus 
differences are created in the distribution | 
and deformation localization in the individual 
metal grains. The difference in the defor- 
mation mechanism of a metal subjected to 
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different test loading conditions, as well as 
its behaviour under such loading, are con- 
ditioned mainly by changes in the character 
of the structural heterogeneity of the 
material and by its effect on the process of 
deformation, In connexion with this, a 
study of the mechanism of deformation can 
provide a means for interpreting the reasons 
for the difference in the effect of alloying 
on the metal properties, 

A characteristic feature of high tempera- 
ture deformation in crystalline materials is 
the occurrence of directional diffusion 
processes under the action of the field of 
the applied stresses. In consequence of 
such processes, there occurs in the material 
a redistribution of the concentration of the 
constituents, stress relaxation and also a 
change in the dimensions of the material. In 
the latter case, the process of deformation 
proceeds by the diffusion mechanism, At high 
temperatures, and especially under the 
conditions of creep, the extent of the defor- 
mation proceeding by the diffusion mechanism 
can be very high. 

The occurrence of an extensive diffusional 
deformation can be expected in metals at the 
points with extensive crystal lattice 
defects, Such points can lie in: grain 
boundaries, some sub-grain boundaries, and in 
certain regions of grains which have suffered 
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an extensive shear deformation, 

In actual fact, practical tests showed that 
under the conditions of creep, a considerable 
part of deformation becomes localized in the 
grain boundaries [3] and that at increasing 
temperatures, the resistance of grain boun- 
daries to deformation varies according to the 
law applicable to ductile materials. this 
behaviour of grain boundaries indicates that 
under the conditions of creep, the grain 
boundaries acquire viscous properties and 
that, in all probability, the deformation in 
such boundaries takes place by the diffusion 
mechanism, The behaviour of some block 
boundaries in aluminium subjected to high 
temperature deformation is analogous to that 
of grain boundaries [4]: The presence of an 
internal friction peak in cold-de formed 
metals [5] is regarded as being caused by the 
occurrence of diffusional shifts in the slip 
paths brought about under the action of the 
applied stress, 

As distinct from the usual type of concen- 
tration diffusion, the diffusion under load 
proceeds at very much higher velocities and 
therefore the deformation, proceeding by the 
diffusion mechanism, can be observed to occur 
at relatively low temperatures and at quite 
high deformation rates [6]. 

In the present work, the results are given 
of an investigation of the effect of the 
alloying of nickel with aluminium and copper, 
on the mechanism of its deformation. 

The test alloys had the following chemical 
compositions (see Table 1 below). 

The test alloys were prepared by the 
Precision Alloys Laboratory of the Metal 


annealed to an identical grain size, The 
linear grain size was 0.1 mm, The recrystal- 
lization temperature of pure nickel was 

800°C and the alloys were similarly treated 
at the temperatures of 900 and 1000°C, 

The deformation of test specimens was 
carried out at two temperatures and at two 
temperatures and at two deformation rates, 
Nickel alloys were loaded in tension at the 
temperature of 400°C at the deformation rates 
of 0.2 %/sec for 2 and 12 per cent final 
elongation values and at the test temperature 
of 700°C, at rates of 2%/sec for a final 
deformation of 2 per cent, 

The nickel-aluminium alloys were loaded in 
tension at a temperature of 500°C at a speed 
of 0.2%/sec for final deformations of 2 and 
12 per cent and for the test temperature of 
700°C, at the deformation speed of 2%/sec for 
a final deformation of 2 per cent. In order 
to inhibit the oxidation of the test 
specimen surface, the test loads were 
applied in an atmosphere of nitrogen, jsefore 
deformation, the test specimens were subjec- 
ted to electro-polishing* and etching of 
grain boundaries, 

As a criterion of the deformation mechanism 
results of microscopic observation were taken 
of the surface of the deformed specimen, as 
well as a study of the extent and form of 
radial diffusion of X-ray interference maxima 
in Laue micrograms, 

Microscopic analyses of the specimen 
surface were carried out with the help of 
MII-1 Linnik interferometer, Laue powder 
diffraction diagrams were obtained in white 
molybdenum or tungsten radiation, 


TABLE 1 


Alloying element 


Concentration of alloying element % 


0. 00 C.02 
0. 00 9.8 


0.05 0.24 0.5 0.15 
20.4 41.0 60.1 - 


Physics Institute of the U.S.S.R. Academy of 
Sciences, using as a basis a vacuum-melted 
nickel (99.99 per cent purity). The 
alloying operations were carried out using 
aluminium of 99,99 per cent purity and copper 
of 99.95 per cent purity. The dimensions of 
the test specimens were 50 x 2 x 0,3 mn, 
After preparation, the specimens were 


* The electrolyte contained 56% glycerin, 37% 
ortho-phosphoric acid and 7% water. The 
temperature of polishing varied from 90-120°C. 
The current density was from 2-3 A/em?, and the 
duration of polishing from 20-10 sec. Grain 
boundaries were etched in a mixture of nitric 
and acetic acids (1:1). 
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EXPERIMENTAL RESULTS 


Under the test conditions as described 
above, the following processes were observed 
in the alloys investigated: 

1. Shear along the slip planes; 

2. shear along the grain boundaries; 

3, displacement of grain boundaries, and 

4, the breakdown of grains into sub-grains. 

The occurrence of the above processes was 
detected with specimen deformations of both 2 
and 12 per cent, In the present work, 
results will be given mainly of the tests 
carried out after a final deformation of 
2 per cent, In specimens tensile loaded to 
produce an elongation of 12 per cent, the 
surface relief was so coarse that no quan- 
titative measurements were feasible, 


Al, %o Cu, % 


Fig. la. Dependence of the grain boundary shear 
on the concentration of the nickel-aluminium 
alloy: 

1 - 500°C, deformation speed of 0. 2%/sec; 

2 - 700°C. deformation speed of 2%/hr. 

Fig. 1b. As above but for the nickel-copper 
alloy. 

1 - 400°C, deformation speed of 0.2%/sec; 

2 - 700°C, deformation speed of 2%/hr. 


After a final deformation of 2 per cent, 
the influence of alloying on the mechanism 
of deformation manifested itself in the 
following ways: 

1. Deformation, which proceeded by the 
mechanism of shear along the slip planes, 
The path of slip was in the form of a 


dense network of thin, straight lines, 
covering the surface of almost all grains. 
The distance between the slip bands was from 
1-3 4. Occasional grains could be found 
with thicker slip bands, with the distance 
between them of the order of 10-15. 

The character of the slip trace varies 
slightly with the degree of specimen 
alloying. In pure nickel, the slip traces 
had diffuse contours and many of them 
disappeared without reaching the grain 
boundary, The surface of grains had there- 
fore a somewhat fibre-like appearance, As 
the concentration of the alloying element 
was increased, the slip traces became sharper 
and, in most cases, stretched right through 
the whole of the grain surface, Such changes 
in the slip trace nature were found to be 
most pronounced in the case of nickel alloys, 
especially during deformation at low 
temperatures, A detailed analysis of the 
slip traces in alloys deformed in the tem- 
perature interval from 18 to -196°C is at 
present being made using an electron micro- 
scope, Clearly, the effect of alloying is 
responsible for a change in the fine struc- 
ture of the slip trace, 

2. The extent of shear along the grain 
boundaries was found to be affected only 
rarely in the case of nickel alloyed with 
both aluminium and copper, In Fig, la-b is 
shown the dependence of the vertical shear 
component as a function of the alloy concen- 
tration at various test temperatures. The 
graphs show the course of not the full shear 
value but only that of its component normal 
with respect to the specimen surface, because 
the value of the horizontal component of 
shear lies within the limits of experimental 
accuracy (0.01 mm) that can be reached when 
using an optical microscope at the magnifi- 
cation of X320. The vertical component of 
shear, could, on the other hand, be measured 
with the help of interference bands with an 
accuracy to 0,05-0.1j. A determination was 
also made of the height of the largest steps 
formed on the specimen surface at the points 
of boundary outlets, 

An examination of the graphs given above 
shows that the extent of shear along the 
grain boundaries is the greater the higher 
the deformation temperature. As the aluminium 
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content in the alloy is increased, the extent 
of shear diminishes very rapidly in the 
initial stages of alloying (up to 0.5 per 
cent) and then changes but little. 

In the case of nickel alloys, the grain 
boundary shear diminishes uniformly up to a 
copper content of 40 per cent and then 
begins to increase again when the copper 
content of 60 per cent is reached, The 
curves in Fig, la-b show that the extent of 
the grain boundary deformation diminishes 
with increasing degree of alloying*. This 
means that the grain boundaries show a higher 
gain in strength than do the grain volumes, 
This type of alloying effect is associated 
with the deformability of crystal lattice in 
the metal forming the grain boundaries, 
Therefore, the grain boundaries have a more 
intensive rate of enrichment with the 
alloying elements because of internal 
adsorption, than is the case with the grain 
volume [7]. Similar phenomena were observed 
also in our previous studies of aluminium- 
magnesium alloys [8]. It is possible that 
this behaviour is characteristic of all 
binary solid solutions, A reduction in the 
grain boundary deformation in consequence of 
alloying may be due to the fact that the 
appearance of the atoms of the alloying 
components in the grain boundaries reduces 
the degree of the lattice tendency to distor- 
tion, which inhibits the occurrence of the 
diffusion processes, 


3. It was found in our examination of 
the behaviour of grain boundaries that 
during deformation there takes place not 
only shear along the grain boundaries but 
that the grain boundaries themselves are 
displaced, Such a displacement of grain 
boundaries is observed during the deformation 
of material in the temperature interval below 
the recrystallization annealing temperatures. 
The highest mobility is shown ly the grain 
boundaries of pure nickel. At a temperature 


* The alloy with 60% copper content should 
perhaps be regarded as a copper-nickel alloy, 
since when the nickel content of the alloy is 
increased to 60% Ni there is a reduction in 
deformation along the grain boundaries, i.e. 
this agrees with the general form of the law 
observed, 


of 400°C and at a deformation at the rate of 
0.2%/sec, it is possible to make only a 
guess that the grain boundaries are displaced, 
As the temperature is increased to 500°C, 
however, the movement of grain boundaries is 
seen quite clearly. At the temperature of 
700°C and under a deformation rate of 2%/hr., 
all the grain boundaries become mobile quite 
irrespective of the degree of disorientation 
of the grains in contact, 

The form of the moving grain boundaries 
was different at different temperatures, 

At the temperature of 500°C, the grain 
boundaries were displaced in two ways: 

1, The boundary moved as a whole 
(Fig, 2a), and 

2. The leading edge of the boundary 
became jagged, 

Each of the serrations formed at the 
points where the slip trace leaves the 
grain boundary, (Fig. 2b). 

In some cases at higher degrees of 
deformation (12 per cent), both types of 
grain boundary displacements were observed 
in some grain boundaries of a particular grain 
(Fig, 2C). The formation of serrations on 
grain boundaries lends support to the idea 
that the movement of the boundaries is 
stimulated by stresses appearing at the points 
where the slip traces meet the grain boundary, 
The serrated character of the grain boun- 
daries cannot be explained as being only due 
to the grain boundary penetration by the slip 
traces because the dimension of the serrations 
is by one order larger than the shift in the 
slip trace, 

At the temperature of 700°C, no fine 
serrations were detected in the moving grain 
boundaries; this might be due to the fact 
that, owing to relaxation proceeding at a 
high intensity, the stresses developed at the 
slip trace outlets had a chance to reduce in 
value, At this temperature, the movement of 
grain boundaries took the form of large wave 
progression parallel to the boundary surface, 
In Fig, 2d it is shown clearly that the 
frequency of such waves corresponds to the 
size of the region in which the shift defor- 
mation proceeds in various planes and direc- 
tions of slip, thereby leading to the devel- 
opment of stresses, differing in value and 
direction, in such grain boundary sections. 
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Fig. 2. 


Displacement of grain boundaries in pure nickel. 


a-d - grain boundaries are displaced as a whole; 
temperature of 500°C, deformation of 2%. 
b — serrated character of the boundary displacement; 
temperature of 500°C, deformation of 2%; 


c — various forms of boundaries in the same grain. 
temperature of 500°C, deformation of 12%. 
d-c — wave-like form of grain boundaries. 
temperature of 700°C and deformation of 2%. 


The alloying of nickel with aluminium or 


copper lowers the mobility of grain boundaries, 


An introduction of aluminium in the concen- 
tration of 0.02 per cent has, as yet, little 
effect on the mobility of grain boundaries, 
Just as it was found with pure nickel, there 
is found here quite a considerable disp]lace- 
ment of most grain boundaries so that in 
numerous grains the value of the shear 
reaches half of the grain size: about 

0.05 mm (Fig.3a). A further increase in the 
content of aluminium in the alloy immobilizes 
most of the grain boundaries. soundary 
displacements are found mainly at the contact 
point of three individual grains, i.e, at 
points of stress concentration, It can be 
seen from Fig, 3b and c, that the boundary 
displacement is not continuous but gradual: 
it alternates with shear along the grain 
boundaries, as it is quite clear from the 
nature of the interference bands. 


In copper-alloyed nickel, the moving 
boundaries have almost invariably an 
irregular shape (Fig.4a). It is possible 
that this phenomenon is due to the hetero- 
geneity of the copper distribution in the 
alloy. 

In the alloy grains there is found exten- 
sive annealing twinning, which points to the 
possibility of the grain boundary mobility 
being dependent on the disorientation degree 
of the grains in contact with it. It is 
clear from Fig. 4b, that at the point of 
twinning, the grain boundary shift is much 
larger than in the neighbouring sections, 

It is interesting that all attempts to 
achieve an elongation of 2 per cent were 
unsuccessful with the alloy containing 40% 
copper, because it invariably suffered 
brittle fracture along the grain boundaries 
as soon as the yield point was passed. No 
movement of grain boundaries is possible in 
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Fig. 3. 


Displacement of boundaries in nickel-aluminium alloys deformed at the 


temperature of 700°C to the extent of 2%: 


a — aluminium content of 0.02%; 


this alloy. The alloys lying on both sides 
of the above concentration of copper gave, 
however, no brittle fracture and their grain 
boundaries showed a considerable movement 
during deformation, Mm analogous phenomenon 
was found also in previous investigations of 
aluminium alloying with magnesium [9]. It is 


therefore clear that the movement of grain 
boundaries prevents the shear from being 
localized in the grain boundaries of a narrow 
zone of the metal, which inhibits its brittle 


fracture. Therefore, it is dangerous to 
alloy a metal with such a concentration of 
the alloying element which reduces the 
mobility of its grain boundaries, especially 
if the finished alloy is intended for high 
temperature service conditions, 

4. Our investigations of the form and 
degree of the diffuse nature of X-ray 
interference spots showed that, during 
deformation, the spots assume a radially 
elongated shape. In pure nickel ata 
temperature of 400°C, the nature of the 


diffuse spot character is continuous; at the 


Fig. 4. 


b and c — aluminium content of 0.05%. 


temperatures of 500 and 700°C, the intensity 
of the interference spots is discontinuous, 

Consequently, at a temperature of 400°C, 
the specimen is subdivided into sub-grains 
with dimensions of the order of 10~‘em, which 
corresponds to the distance between the slip 
traces. At temperatures of 500 and 700°C, 
the grains show also large and extensively 
disorientated regions whose dimensions are of 
the same order as those of the grain. 
Clearly, at the above temperatures of 500 and 
700°C there sets in, during deformation, a 
process of polygonization under the action of 
heterogeneous stresses produced in the grains 
in consequence of their interaction, 

The overall angle of sub-grain disorienta- 
tion at the temperature of 500°C is higher 
than its value at 700°C because at 700°C, the 
stress value is reduced in consequence of the 
relaxation proceeding along the grain boun- 
daries, 

During the alloying of nickel with 
aluminium, the total angle of sub-grain 
disorientation has lower values, with the 
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Displacement of boundaries in nickel-copper 


alloys deformed at the temperature of 700°C by 2%: 


a - 10% copper; 


b - 50% copper content. 


a b 
: 


Mechanism of high temperature deformation 


exception of alloys containing from 0.2-0.5% 
aluminium, in which the angle of disorienta- 
tion increases slightly. This concentration 
region corresponds to an extensively 
strengthened state of the grain boundaries 
and to, as yet, low degree of grain 
strengthening, This leads to a reduction in 
stress relaxation in the grain boundaries and 
to a growth of heterogeneous stresses in the 
grain boundaries and to a growth of hetero- 
geneous stresses in the grains; but, since 
the grains are not yet strong, there proceeds 
in them an intensive deformation by the 
block formation mechanism (poly gonization 
under load) (Fig. 5). 


Fig. 5. X-ray diagram of nickel alloy containing 
0.5% Al, after its deformation at the temperature 
of 700°C to the extent of 2%. 


A further alloying leads only to insigifi- 
cant strengthening of the grain boundaries, 
while the grain is hardened considerably, 
with the result that the angle of grain 
disorientation diminishes and the asterism 
loses to a large extent its discontinuous 
nature, 


CONCLUSIONS 


1. Grain boundary shear and a displacement 


of the boundaries were observed in nickel 
subjected to high-temperature deformation, 
Both of these processes are produced under 
the action of stresses created in grain 


boundaries during the metal deformation, 

The grain boundary shear represents a 
process of deformation which leads to stress 
relaxation in grains and to a hardening of 
the grain boundaries. During boundary dis- 
placement, there is no metal deformation [10]. 
This process leads only to a reduction of the 
stresses producing it and to re-constitution 
of the regular structure of the metal grains, 

2. The alloying of nickel with aluminium 
and copper produces an intensive hardening of 
grain boundaries and diminishes their 
mobility. This effect is produced by an 
inhibition of the occurrence of diffusion 
processes in the grain boundaries because of 
a readjustment of the crystal lattice in 
consequence of internal adsorption, 

3. The grain boundary hardening as produced 
by alloying is more intensive than that of 
the grain volume, Therefore, in order to 
achieve a strengthening effect in an alloy 
intended for creep-producing service condi- 
tions, it is sufficient to introduce only a 
small amount of the alloying element, 
However, the grain volume is only slightly 
strengthened under such alloying conditions 
and the grain easily deforms by splitting 
into sub-grains: polygonization under load, 
In order to strengthen the grain, it is 
necessary to introduce a larger concentration 
of the alloying element, 

An introduction of the alloying element in 
a concentration capable of an extensive 
reduction in the grain boundary mobility is 
inadvisable, because this makes the metal 
prone to brittle failure during high tempera- 
ture deformations, 


Translated by H.Cygielski 
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LETTERS TO THE EDITOR 


INVESTIGATIONS CONCERNING THE NON-DESTRUCTIVE 
TESTING OF RAILS IN MOVING MAGNETIC FIELDS* 


16. STUDY OF DEFECTS DETECTION IN TERMS OF 
THEIR REACTION ON THE PRIMARY FIELD © 


As it is known, the detection of defects in 
ferromagnetic materials under the conditions 
of moving magnetic field is possible owing to 
the appearance in the region of the defect of 
an electromagnetic excitation which manifests 
itself as an additional magnetic field. As a 
searching head in non-destructive testing of 
rails [1) use is made of a single or differ- 
ential coil, which is positioned close to the 
rail and in the central space between the 
magnetic poles of an electromagnet used for 
rail magnetization, However, this method of 
detecting the excitations produced by rail 
defects is not the only one possible. In 
principle, the detection of defects can be 
based, for instance, on the excitation of 
magnetic flux in the core of an electromamet 
used for the creation of a magnetizing field. 
A combination in one unit of the magnetizing 
and searching parts of the non-déstructive 
testing apparatus for rail examination is 
advisable for the following reasons. 

At the present time, the tractive force for 
railway wagons fitted out with non-destructive 
testing equipment for rails is ty means of a 
special locomotive, whereas it would be better 
to use such cars simly by incorporating then 
in any train, Such an inclusion of the non- 
destructive testing car into any train would 
be possible but only provided that the test 
equipment could be positioned at the height 
of 100 mm above the rail. For this purpose 
it is necessary to increase the air-gap 
between the electromagnet core and the rail 
from 10-30 mm to 109 mm and to raise to this 
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height the searching part of the equipment. 
This is clearly associated with a considerable 
reduction in the sensitivity of the equipment 
with respect to the effect exerted on it by 
the rail defects, When the core of the 
magnetizing part of the apparatus is used in 
the role of the searching system core, this 
decrease in the equipment sensitivity would, 
of course, matter less than in the case of a 
searching head positioned in the centre 
between the electromagnet poles. It was 
therefore thought of interest-to investigate 
the possibility of defect detection from 
their. reaction on the primary field, namely, 
to detect such defects from the excitation 

of the magnetic flux in the core of the 
magnetizing electro-maget, 

In connexion with the above problem, an 
investigation was made of the possibility of 
detecting an artificial defect, in the form 
of a transverse crack present in the rail 
head, at various electromagnet heights above 
the rail, while the searching coil was 
Situated directly on the electromagnet core, 
The investigations were carried out by 
modelling [2,3]. The model set-up, a part of 
which is shown in Fig,1, consisted of an 
electromagnet, the core of which was assembled 
from 0.35 thick strips of transformer steel, 


‘The width of the strips was 30 mm; the 


thickness of the core packing was 20 mm, The 
distance between the centres of the electro- 
magnet coil had 2200 turns, 

The experiments were carried out under the 


following conditions. The ends of the 
electromagnet core were positioned above the 
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Oscillator 


Fig. 1. Diagram of experimental equipment: 
I and II - search coils; v — direction of model 
rail movement with respect to the electromagnet. 


rail model at the heights of 7, 13 and 25 mm, 
these positions corresponding to the 
positions of the core of an electromaget, 
similar to the one used as a model, at the 
heights of 25, 35 and about 90 mm, The 
current strength in the electromagnet of the 
model was from 1 to 4 A, Thus, the mag- 
netizing force in the model experiments 
corresponded to rail magnetization, by a 
working electromagnet of full size, of 8 to 
40,000 ampere-turns, The movement of the 
test rail with respect to the electromagnet 
correspond to an actual electromagnet speed 
with respect to the rail of 40-45 km/hr. 


Cm, arbitrary units 
7 a 
60 
JO 


I, A 


Fig. 2. Variation of pulse amplitude of the 
e.m.f. produced in one turn of search coils I and 
II, as a function of the current strength in the 
electromagnet positioned at the height of 25 mm 
above the model rail. 


The search coil was arranged on the electro- 
magnet core below the magnetizing coils, as 


Cm» arbitrary units 


b 


IO 

60 

70 

60 

50 

40 

30 

1820 25 30 
height, mm. 

Fig. 3. Variation of pulse amplitude of the 

e.m.f. produced in one turn of the search coil 

II as a function of the electromagnet height at 

the current strengths of: 

a-14A; b-—-2A; C-3A; d-4A4; andc-5 4. 


it is shown in Fig, 1. The coil winding 
consisted of 85 tums and had three consecu- 
tively wound sections, Depending on the 
height of the electromagnet above the rail 
model, use was made of one, two or three of 
the above coil sections, The length of the 
search coil winding on the electromagnet core 
was 2-3 m, The e.m,f, developed in the coil 
was amplified with the help of a two-cascade 
amplifier on resistances with the transformer 
output and was registered on cine film using 
for this purpose an MPO-2 oscillator with 
type 1 vibrator. 

The investigations showed that, firstly, 
the defect imitating a transverse crack in 
the rail, manifests itself best in compara- 
tively strong extemal fields if use is made 
of the coil wound on the S pole of the electro- 
magnet, which is second in line with respect 
to the direction of the relative rail move- 
ment, This is clear from Fig. 2. 

A reduction in the signal produced hy the 
defect as a function of the distance between 
the electromagnet and the rail, is shown in 
Fig.3. This figure makes it clear that the 
amplitude of the e,m,f, pulse in the search 
coil diminishes as the electromagnet is moved 
away. however, when the air-gap between the 
electromagnet and the rail model is 25 mn, 
the value of this amplitude is still quite 
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high provided that the external field strength 
is not too low. A similar e.m f. should be 
developed in an analogous search equipment 
during the rail magnetization by means of an 
electromagnet positioned at a distance of 
100 mm if the defect, electromagnet and all 
the other conditions are equivalent to those 
shown in the model, kKence it follows that 
it is quite possible under practical con- 
ditions to detect at least some of the more 
extensive defects in rails, if use is made 
of the electromagnetic set-up here suggested 
at the height of 100 mm above the rail level. 


fowever, this question can be given a 
definite answer only on the basis of full 
scale practical tests, 

Translated by ii. Cygielskii 
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The study was carried out with electrolyti- 
cally polished and etched polycrystalline 
samples of an aluminium alloy with 4% Cu 
stretched to breaking point, ‘The oxide 
replicas were taken both from at the point of 
the break and near to it from the lateral 
surface (at a distance of not more than 
4mm). Before the deformation, the testpieces 
which had been hardened from 535° were aged 
at 190 and 250°. Depending on the time of 
ageing, the hardness of the alloy was 
measured, For comparison purposes the 
structure of the deformed surface of pure 
aluminium’(99.99 per cent) was studied. 

The direction of sliding, its value and 
distance between the traces of sliding at the 
initial stages of alloy ageing were deter- 
mined by means of etching figures, and at the 
later stages by a lattice of separations. 
Furthermore, to determine the crystal- 
lographic indices of the surface of the 
metallographic specimen, the traces of 
sliding were used. The method for these 
measurements is given in papers [1-4]. 

700 electron photographs were processed 
and led to curves showing both the distri- 
bution of the value of sliding ip a trace, 
and the distribution of the distances 
between the traces (Figs. 1 and "ed 
Electron microphotographs obtained from the 
lateral surface of the testpiece were used 
to construct the graphs. Each curve was 
constructed from 200-650 measurements, For 
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** The graphs for the alloy aged before deformation 
at 350° are drawn from the results of processing 
electron photographs obtained in our laboratory 
by 0.D. Shashkov. 


convenience in reading the graphs, Figs,1 

and 2 give curves which characterize only 
certain treatments of the alloy. M the 
graphs for aluminium and the Al-Cu alloy 
aged at 190° up to the peak of hardness, 
there is one maximum, and on the other curves 
there are two. O the curves for the distri- 
bution of the value for sliding (shear) the 
first maximum is at about 109 A, and the 
second corresponds to~’500 A, On the curves 
characterizing the distribution of the 
distances between the traces, the first, 
maximum is placed between 250 and 1000 A, 

and the second between 0. 30 and 0.40. 

The existence of 2 maxima, possibly 
indicates the different nature of formation 
of thin traces of sliding with small inter- 
vals between them. It is difficult to say 
whether this is die to the different struc- 
ture of the dislocation network near the 
surface and in the interior of the metal or 
to the presence in aluminium and its alloys 
of two different types of dislocation sources, 
or to something else. 

The existence of a different structure of 
dislocation lattice’s at the surface and in 
the depth of the metal is indicated by the 
character of the sliding traces, observed on 
aluminium, thus, on electrically polished 
samples of aluminium there were mainly fine 
sliding traces, frequently groupedin separate 
bands. The distance between the lines ~ ‘200- 


-500 A, and the shift for a line ~ 50-200 A. 


On the etched samples, as well as the thin 
sliding lines, there were coarse sliding 


traces with a shift reaching a value of 
0.854. This may be duetothe fact that 
in electrically polished samples in a 
certain surface layer the dislocation 
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Relative frequency, % 
S 


Value of sliding in truce, thousands of A 


Fig. 1. Distribution of the amount of slip in the trace for 
Al and Al-Cu alloy deformed by extension: — 
a. 1 Al (99.99%); Al-Cu, hardened state; 3 Al-Cu aged 


at 190° for 1 hr 30 min; 


4 — Al-Cu, aged at 190° for 12 hr 


b. Al-Cu alloy. Ageing systems before deformation: 


1 — natural ageing for 3 months; 
70 min; 4 —- 350° 2 hr 30 min 


lattice has longer links due to the 
“creeping” of the tertiary points to the 
surface [5]. With the application of an 
external stress these links are mainly 
sources of dislocations, or for their 
activation a smaller shear stress is 


necessary. Near to the chemically etched 


surface, the layer of the dislocation 
lattice, differing in structure from the 
internal ‘part. cannot form, since the 


2- 250 15 min; 3 — 250° 


dislocations ending at the free surface are 
localized at the points or edges of the 
etching figures during the etching process, 
“Fine” sliding in the etched samples can . 
arise from the surface of the sources 
retained near to the unetched sections of 

the surface, Over a large distance (“coarse’’ 
sliding) the shift in one atomic plane (if 
this exists) can occur in the case where the 
dislocation acting as a source in the 
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lattice on the (113) plane is helical, and 
the two others encountered at the point of 
the dislocation lattice (mainly of the edge 
type with 3urgers vectors) belong to the 
plane of sliding [5]. However, for aluminium 
the existence of sliding traces was not 
shown experimentally for such large shifts 
in one atomic plane as we noticed in the 
traces. 

In the alloy the dislocation lattice 
should be fixed by Cottrell shells, Guinier- 
Preston zones and precipitate particles and 
be approximately the same at the surface and 
inside. Differences should not therefore be 
observed in the pictures of sliding on 
etched and electrically polished samples. 

In fact, on these and other samples there 
are both fine and coarse sliding traces. 
Nevertheless, in this case also (Figs. 1 and 
2), independent of the temperature and time 
of ageing, (except for the case of ageing at 
190° up to the peak of hardness) on the 
curves for distribution of the sliding 
values in the trace and the distances 
between the sliding traces there are two 
maxima, It follows that in the material 
there are two different mechanisms for the 
formation of new dislocations, This idea is 
confirmed by electron photographs which 
indicate that when the external stresses 
favour the mechanism for the formation of 
traces of one type (for example, of fine 
sliding traces) of the given system, then 
these conditions do not favour the mecharism 
of formation of sliding traces for another 
form (coarse sliding traces), of the same 
crystallographic system. 

Fine sliding can be caused by: 

(1) Dislocations which are readily formed 
near foreign inclusions, due to stress con- 
centrations near them [6]. 

(2) Sources of dislocations formed from 
defects of packing, caused by condensations 
of the vacancies [7]. 

(3) Spontaneous dislocations forming in the 
material on the application of stresses above 
the yield point [8].* 

It is difficult to say which of these is 
actually correct. It is not know whether 
the first of these play a decisive part, the 
second are absent in our case, since in 


aluminium[9] and apparently in aluminium 
alloys, the packing defects should not exist 
and, furthermore, the possibility of forma- 
tion of the essential plates of vacancies in 
general is rather doubtful [10]. he 
existence of spontaneous formation of disloca: 
tions has only been shown in LiF, 

The origin of sliding traces with a large 
shift in one atomic plane can be explained by 
these reasons, as in the case of aluminiun, 
as a result of the action of the helical 
links of the dislocation lattice. Coarse 
traces with sliding in a batch of atomic 
planes, according to Suzuki [5], are formed 
due to the action of the edge links of the 
dislocation lattice. He considers that in 


the alloy these links can provide much 
larger dislocations than in the pure metal. 


This interpretation can hardly be 
considered final, since the formation of new 
dislocations by means of the mechanism of 
Frank-Reid encounter objections [10] and, 
furthermore, there are other possible 
mechanisms for multiplying the dislocations 
[8, 11]. 

Fig.1 shows that with increase in the time 
of ageing of the alloy at a given temperature, 
there are more traces with a small value of 
shift. The number of coarser traces, corres- 
ponding to the second maximum, at first also 
increases and then decreases. In general, 
increase in the time of ageing for a given 
temperature leads to a change in the rela- 
tionship between the values of the maxima 
towards the maximum corresponding to fine 
sliding traces. With maximum hardness on 
samples aged at 190°, there were practically 
no coarse traces. Without investigating the 
mechanism in the component, the observed 
phenomenon can be explained by the hetero- 
geneous distribution of stresses at the 
initial stages of ageing and by the more 
heterogeneous distribution at the stage of 


* After the work had been carried out and printed, 
an article appeared by Gilman and others [13], 
which mentions the possibility of formation of 
dislocations at the apices of cracks during 
their propagation. 
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Distribution of the value of distances between sliding 


traces for Al and Al-Cu alloy deformed by extension: 


a. 1 — Al (99.99%); 
for 2 hr 30 min 


2 - Al-Cu, before deformation aged at 350° 


b. Al-Cu alloy. Before deformation aged at 190° for: 


1 - lhr 30 min; 2 - 12 hr. 


maximum strength. This interpretation agrees 
with the fact that at the start of ageing the 
distribution of the Guinier-Preston zones and 
the nuclei of the phase of separation in the 
alloy are more heterogeneous in comparison 
with the stage of maximum strengthening. 
Decrease in the distance between the fine 
sliding traces (Fig.2) can be explained 
qualitatively on the basis of work ty Elliott 
and Axon [12] by increase in the modulus of 


elasticity and consequently the bond energies 
between the atoms of the alloy with the time 
of ageing. In this case the disturbances 
from the origins of deformation should die 
out at a much shorter distance, due to which 
there is the possible formation of sliding 
traces nearer to one another. 

The final answer to this problem concerning 
the origin of fine and coarse sliding traces 
can be given after explaining the actual 
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mechanism of formation of new dislocations 7. D. Kuhlmann-Wilsdort, Phil. Mag., 3, 125 
and the character of its action under (1958) 
conditions of lasting deformation. ‘ 

J.J. Gilman and W.G. Johnston, Dislocations 

Translated by li. Cygielskii and Mechanical Properties of Crystals (John 

ay Wiley and Sons, Inc., New York), 116 (1957). 
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THE CHANGE IN THE DEBYE TEMPERATURE DURING THE 
ORDERING OF Fe,A! ALLOY* 
S.A. NEMNONOV and L.D. FINKETSHTEIN 
Institute of Physics of Metals of the U.S.S.R. 
(Received 12 May 1958) 


The formation of the ordered state leads to 
a change in many of the physical properties 
and characteristics of the alloy. 

For example, there is a reduction in the 
electrical resistance and increase in the 
specific heat, a reduction in the volume of 
the specimen and the lattice parameters; in 
ferromagnetic alloys, there is an increase in 
the saturation magnetization, 

The Dehye temperature, to a certain extent 
characterizing the strength of the inter- 
atomic bonds, also changes when the alloy 
goes from the disordered state to the ordered 
state. It was found [1], that in the Ni,Fe alloy 
the Debye temperature is lower in the ordered 
state than in the disordered state. 

In the present paper measurements are given 
for the Debye temperature of the Fe,Al alloy 
in the ordered and disordered states, 

The Debye temperature was measured hy an 
X-ray method described in [2], with the 
sample washed directly with liquid nitrogen. 
Determinations were made of the relative 
intensities of the lines: (220), (321), 
(411), (510). 

The ordered state of the Fe,Al alloy was 
obtained by annealing Fe, Al powder at a 


temperature of 370° for a period of 23 hr, 
The disordered state was achieved by cold 
deformation by filing and grinding theie 
powder in a mortar. The X-ray photographs 
taken of the samples of deformed alloy did 
not show any signs of superstructural lines, 

Attempts to obtain a fully disordered Fe_Al 
alloy by qenching in liquid nitrogen froma 
temperature above the Kurnakov point (550°) 
did not lead to favourableresults, On the 
X-ray photographs taken with specimens 
quenched from 700 and 850°, there were weak 
superstructural lines of two types of super- 
structures: Fe_Al and FeAl with a prepon- 
derance of the fatter, which agrees with the 
results of paper [3]. 

The investigation showed that the Debye 
temperature of the Fe_Al alloy in the ordered 
state is less than in the disordered state 
(see Table, Fig,1), Other characteristics of 
the interatomic bond also indicate the lower 
strength of the bonds in the ordered state in 
comparison with those in the disordered state. 

The Dehye temperature of pure metals is the 
same in the annealed and deformed states [4]. 
From this it can be concluded that the defor- 
mation itself, not connected with the re- 


Type of treatment of alloy 


U4 930 A m 82X10! 


Annealing to ordinary 370° 23 hr 
Quenching in liquid nitrogen from 700 and es0°C. 
Deformation by filing and grinding in a mortar .. 


0.139 1.17 
0.135 1.24 
0.115 1.72 


* Fiz, metal, metalloved. 7, No.6, 944-945, 1959. 
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390-15° 

460-15° 
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distribution of the alloying element, wil] 
not cause a change in the Debye temperature, 
The increase in the Debye temperature of the 
Fe,Al alloy in the deformed state in compari- 
son with the annealed state can therefore be 
ascribed to the action of disordering, 

Tne change in the degree of further order- 
ing on quenching the alloy from 700 and 850° 
is not sufficiently large to affect the value 
of the Debye temperature. 
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24930 


Fig. 1. Relationship between log and 


> Dh? for Fe,alloy: 
Fe, Al:. 5 

1 - ordered state, = 380°K: 

state. = 460°. 


85° 


2 — deformed 


The observed increase in the Debye tempera- 
ture in the disordering of the Fe_Al alloy is 
somewhat unexpected, although a theoretical 
calculation of the spectrum for the vibration 
frequencies of the simplest model of an 
ordering alloy (linear chain of atoms) 
indicates such a possibility [5]. 

It is possible, although it has not been 
proved, that this result is connected with 
the change during ordering in the form for 
the distribution curve of elastic oscillations 
with frequencies. 


Translated by 11. Cygielskii 
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